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MINE  LINES  and  THE  MINE  WARFARE  ASSOCIATION  (MINWARA) 

The  Symposium  Announcement  and  Registration  Issues  of  MINE  LINES  were  sent  to  an 
expanded  mailing  list.  This  was  made  possible  by  planning  funds  from  the  Office  of  Naval  Research. 
The  PROCEEDINGS  of  this  Symposium  will  be  mailed  in  February  1997  to  each  registrant  as  part 
of  the  Registration  Fee. 

The  Mine  Warfare  Association  (MINWARA)  was  formed  as  a  Not-for-Profit  Corporation 
in  the  Commonwealth  of  Virginia  for  the  purposes  of  education  and  communication  about  Mine 
Warfare  and  the  Mine  Problem.  MINWARA  derives  its  support  from  Corporate  and  Individual 
Memberships.  There  is  no  subsidy  for  publication  and  mailing  of  MINE  LINES.  MINWARA  lacks 
the  resources  to  send  MINE  LINES  to  the  7,000  or  more  recipients  of  the  Registration  Issue. 

MINE  LINES  is  the  Newsletter  of  the  Mine  Warfare  Association.  Through  MINE  LINES 
we  seek  to  stimulate  professional  exchange  and  to  announce  the  periodic  workshops  and  meetings 
that  MINWARA  will  sponsor  and  co-host.  These  events  are  in  addition  to  the  sesquiannual 
Symposium  on  Technology  and  the  Mine  Problem. 

A  Membership  Application  for  the  Mine  Warfare  Association  is  available  in  this  Proceedings. 
Further  information,  and  information  on  Corporate  Membership  classes  and  benefits,  can  be  obtained 
from  the  MINWARA  Secretary-Treasurer,  Dr.  Joseph  Molitoris,  at  (703)  339-7244. 
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INTRODUCTION 


Professor  Albert  M.  Bottoms 

Naval  Postgraduate  School 


This  volume  contains  the  PROCEEDINGS  and  contributed  papers  of  the  Second  Symposium 
on  Technology  and  the  Mine  Problem,  held  at  the  Naval  Postgraduate  School  November  18-21, 
1996.  The  First  Symposium,  entitled  Symposium  on  Autonomous  Vehicles  in  Mine  Countermeasures, 
was  held  at  the  School  in  April  1995. 

This  Second  Symposium  was  dedicated  to  the  memory  of  Admiral  Jeremy  "Mike"  Boorda, 
USN,  the  former  Chief  of  Naval  Operations,  who  was  a  staunch  supporter  of  efforts  to  harness 
technology  to  deal  with  the  Mine  Problem. 

The  Honorary  Chair  of  this  Second  Symposium  was  Rear  Admiral  John  D.  Pearson,  USN, 
the  outgoing  Commander  of  the  U.S.  Navy  Mine  Warfare  Command. 

The  Organizing  and  General  Chair  of  the  Symposium  was  Albert  M.  Bottoms,  Ellis  A. 
Johnson  Chair  of  Mine  Warfare  at  the  Naval  Postgraduate  School  and  President  of  the  Mine  Warfare 
Association. 

VISION  STATEMENT 

The  vision  for  evolving  mine  countermeasures/countermine  systems  is  that  of  a  family  or 
families  of  affordable,  autonomous  systems  capable  of  carrying  out  the  tasks  associated  with  the 
management  of  risks  from  mines  in  the  military  contexts  or  clearance  assurance  in  the  humanitarian 
de-mining  context.  In  practice,  autonomy  will  likely  be  a  matter  of  degree  --  progressing  from 
tethered,  to  remotely  operated,  to  programmed  and,  finally,  to  rule-based  autonomy.  This  vision 
includes  the  idea  of  the  autonomous  mine  countermeasures  brigade  and  also  recognizes  that 
components  of  the  total  system  may  range  in  size  from  bulldozers  to  automated  lobsters.  There  will 
be  variation  in  the  cost  of  individual  elements  depending  on  size  and  complexity  of  the  element. 

THE  CHALLENGE 

The  Challenge  is  to  solve  the  Mine  Problem. 

Apply  emerging  technologies  to  create  a  system  or  systems  costing  in  the  neighborhood  of 
$5,000  in  production  lots  of  100,000.  Members  of  this  family  of  systems  must  be  capable  of  being 
operated  and  maintained  by  military  field  units  and/or  by  indigenous  personnel  in  third  world 
countries. 
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GOALS  FOR  THE  1996  SYMPOSHJM  ON  TECHNOLOGY  AND  THE  MINE  PROBLEM 

*  Identify  the  technologies  that  can  revolutionize  approaches  to  dealing  with  the  mine 
problem; 

*  Emphasize  those  technologies  which  contribute  to  the  Navy-Marine  Corps  Mine  Warfare 
Campaign  Plan  and  its  thrusts  to  support  Operational  Maneuver  from  the  Sea  and  "organic"  mine 
countermeasures; 

*  Match  technologies  and  systems  with  the  realities  of  Humanitarian  De-Mining; 

*  Define  the  scope,  magnitude,  and  future  course  of  the  national  and  international  markets 
for  mine  clearance-related  technologies  and  systems,  including  those  based  on  commercial 
off-the-shelf  (COTS)  technology  and  products. 

THE  SYMPOSIUM  SERIES  ON  TECHNOLOGY  AND  THE  MINE  PROBLEM 

In  consonance  wth  the  objective  of  establishing  the  Naval  Postgraduate  School  as  a  focal 
point  for  mine-related  technology  and  analysis,  it  is  the  intent  to  hold  a  major  techmcal  Symposium 
at  the  Naval  Postgraduate  School  at  intervals  of  18  months.  The  next  Symposium  will  be  the  week 
of  April  5,  1998,  and  will  emphasize  progress  in  the  development  of  autonomous  systems  for  mine 
countermeasures/countermine  applications,  C4I,  including  tactical  decision  aids  and  distributed 
modeling  and  simulation;  and  progress  toward  breaching  --  overcoming  obstacles  in  the  surf  zone, 
on  the  beach,  and  inland.  Each  of  these  major  subject  areas  will  be  viewed  from  the  standpoint  of 
applications  to  military  mine  warfare  on  land  and  at  sea  and  to  humanitarian  demining. 

RECOGNITION  OF  SYMPOSIUM  CHAIRS 

General  and  Organizing  Chair:  Professor  Albert  M.  Bottoms,  Ellis  A.  Johnson 

Chair  of  Mine  Warfare,  Naval  Postgraduate  School 

Honorary  Chair:  RADM  John  D.  Pearson,  USN  (Ret),  former  COMINEWARCOM 


Session  Chairs: 


Session  V:  Chair,  RADM  Charles  F.  Horne  III,  USN  (Ret) 

Co-Chair,  CDR  John  Peterson,  USN  (Ret) 

Chair,  Dr.  Don  Brutzman,  Naval  Postgraduate  School 
Chair,  Walter  E.  Dence,  Jr.,  Coastal  Systems  Station 
Co-Chair,  Prof  Xavier  Maruyama,  Naval  Postgraduate  School 
Session  VHI:  Chair,  RADM  John  D.  Pearson,  USN  (Ret) 

Co-Chair,  CDR  John  Peterson,  USN  (Ret) 

Chair,  Prof  Fred  Mokhtari,  Norwich  University 
Co-Chairs,  Dr.  Jackson  E.  Ramsey,  James  Madison  University; 
and  Assoc.  Prof  Mitch  Brown,  Naval  Postgraduate  School 


Session  VI: 
Session  VH: 


Session  X: 


XX 


RECOGNITION  OF  SYMPOSIUM  CHAIRS  (continued) 


Session  XI;  Chair,  Harry  N.  (“Hap”)  Hambric,  Project  Leader,  Humanitarian 
Demining  Program,  U.S.  Army  Night  Vision  Electro-Optical  Dir. 
Co-Chair,  Assoc.  Prof.  Mitch  Brown,  Naval  Postgraduate  School 
Session  XIH:  Chair,  Prof  Anthony  (“Tony”)  Healey,  Naval  Postgraduate  School 
Co-Chair,  Dr.  Claude  Brancart,  C.S.  Draper  Laboratories 
Session  XV:  Chair,  Dr.  David  Heberlein,  Program  Mgr.,  Countermine,  Fort  Belvoir 
Co-Chair,  COL  Robert  Greenwalt,  USA  Director,  Combat  Develop¬ 
ments,  U.S.  Army  Engineer  Center 
Session  XVI:  Chair,  Frank  Uhlig,  Naval  War  College 

Co-Chair,  Assoc.  Prof  Mitch  Brown,  Naval  Postgraduate  School 
Session  XVH;  Chair,  Ric  Trotta,  President,  Trotta  Associates 

Co-Chair,  Dr.  Kevin  Owen,  Naval  Postgraduate  School 
Session  XIX:  Chair,  RADM  Richard  D.  Williams  III,  USN,  PEO  Mine  Warfare 
Co-Chairs,  George  Pollitt,  Technical  Director,  COMINEWARCOM, 
and  Assoc.  Prof  Don  Walters,  Naval  Postgraduate  School 
Session  XX:  Chair,  Lee  Hunt,  former  Exec.  Dir.,  Naval  Studies  Board, 

National  Academy  of  Sciences 

Co-Chair,  Asst.  Prof  Knox  Millsaps,  Naval  Postgraduate  School 
Session  XXI;  Chair,  Dr.  Ray  Widmayer,  Technical  Director,  Mine  Countermeasures, 
Expeditionary  Warfare  Dir.,  Office  of  the  Chief  of  Naval  Operations 
Co-Chairs,  Dennis  Hiscock,  Former  Head,  Mine  Countermeasures, 
Royal  Navy;  Prof  Xavier  Maruyama,  Naval  Postgraduate  School 
Session  XXH:  Chair,  Prof  J.D.  Nicoud,  Laboratoire  de  Micro-Informatique 

Co-Chair,  Assoc.  Prof  Mitch  Brown,  Naval  Postgraduate  School 
Session  XXIH;  Chair,  Bill  Baker,  Clausen  Power  Blade,  Inc. 

Co-Chair,  Assoc.  Prof  Robert  Keolian,  Naval  Postgraduate  School 
Session  XXVI:  Chair,  Dr.  Frank  L.  Herr,  Office  of  Naval  Research 

Co-Chair,  CAPT  Wayne  Hughes,  USN  (Ret),  Naval  Postgrad.  School 
Session  XXVH;  Chair,  RADM  Richard  D.  Williams,  USN,  PEO  Mine  Warfare 

Co-Chairs,  George  Pollitt,  Technical  Director,  COMINEWARCOM; 
and  Assoc.  Prof  Don  Walters,  Naval  Postgraduate  School 
Session  XXVXH:  Chair,  Dr.  Ray  Widmayer,  Technical  Dir.,  Mine  Countermeasures, 
Expeditionary  Warfare  Dir.,  Office  of  the  Chief  of  Naval  Operations 
Co-Chair,  Dennis  Hiscock,  Former  Head,  Mine  Countermeasures, 
Royal  Navy;  Prof  Xavier  Maruyama,  Naval  Postgraduate  School 
Session  XXIX:  Chair,  Prof  Anthony  (“Tony”)  Healey,  Naval  Postgraduate  School 
Co-Chair,  Mr.  Claude  Brancart,  C.S.  Draper  Laboratories 
Session  XXX:  Chair,  Dr.  Norris  Keeler,  Kaman  Diversified  Technologies  Corp., 
and  former  Director  of  Navy  Technology,  Naval  Material  Command 
Co-Chair,  Dean  and  Prof  David  Netzer,  Naval  Postgraduate  School 
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RECOGNITION  OF  TECHNICAL  CONTRIBUTED  PAPERS 


The  Mine  Warfare  Association  established  two  prize  categories  for  contributed  technical 
papers,  first  presented  at  this  1996  Symposium  on  Technology  and  the  Mine  Problem.  The  CAPTAIN 
SIMON  PETER  FULLINWIDER  Awards  are  for  the  best  papers  submitted  by  serving  members  of 
the  Armed  Forces.  The  First  Prize  in  this  category  will  carry  an  honorarium  of  $500  and  a  Life 
Membership  in  the  Mine  Warfare  Association.  The  Second  and  Third  Prizes  will,  respectively,  carry 
honoraria  of  $250  and  $100.  Each  v^l  also  be  accompanied  by  Life  Membership  in  the  Mine  Warfare 
Association. 

Captain  Simon  Peter  Fullinwider  (1871-1957)  is  deemed  the  Father  of  Mine  Warfare  by  the 
U.S.  Navy.  Additional  information  about  the  contributions  and  energy  of  this  remarkable  man  can  be 
found  in  Dr.  Greg  Hartmann’s  book  Weapons  That  Wait.  This  year  the  award  was  presented  by 
RADM  John  D.  Pearson,  USN  (Ret),  Honorary  Chair  of  the  1996  Symposium. 

The  Charles  Rowzee  Awards  are  for  the  best  overall  technical  papers.  The  schedule  of  awards 
is  the  same  as  that  for  the  Fullinwider  Awards. 

Charles  Rowzee  is  the  individual  who  applied  years  of  experience  in  mine  design  to,  in  effect, 
enable  the  conversion  of  the  large  stocks  of  bombs  into  influence  mines.  This  technical  achievement 
led  to  the  mining  campaign  against  North  Vietnam.  That  campaign,  in  turn,  led  to  the  return  of  the 
North  Vietnamese  to  the  negotiating  table  and  to  the  subsequent  release  of  Americans  held  captive 
by  North  Vietnam.  The  1996  Rowzee  Awards  were  presented  by  Mr.  Charles  Rowzee  himself 

Dr.  Ellis  A.  Johnson,  Captain  Simon  Peter  Fullinwider  and  Mr.  Charles  Rowzee  are  but  three 
of  the  intellectual  and  operational  giants  to  whom  the  United  States  owes  its  distinguished 
accomplishments  in  the  fields  of  Mine  Warfare.  There  are  many  others,  both  in  and  out  of  uniform. 
Perhaps  a  long-term  project  for  the  Mine  Warfare  community  could  be  the  creation  of  a  Mine 
Warfare  Hall  of  Fame. 

The  Award  recipients  for  this  Second  Symposium  on  Technology  and  the  Mine  Problem  are: 

The  1996  Fullinwider  Awards 

First  Prize 

Col.  Robert  Greenwalt,  Jr.,  USA 

The  Engineer  Center,  Ft.  Leonard  Wood,  MO 

"Systems  and  Techniques  for  Countering  Mines  on  Land" 

Col.  Greenwalt's  papers  appear  in  Chapters  2  and  6 

Second  Prize 

Lt.  Col.  Dennis  Verzera,  USMC 

Coastal  Systems  Station,  Panama  City,  FL 

"A  New  Dimension  in  Amphibious  Warfare" 

Lt.  Col.  Verzera’ s  paper  appears  in  Chapter  7 


xxii 


The  1996  Fullinwider  Awards  (continued) 


Third  Prize 

Capt.  Charles  Young,  USN 

U.S.  Navy  Unmanned  Undersea  Vehicles  Program  Office 
"Clandestine  Mine  Reconnaissance,  Unmanned  Undersea  Vehicles" 

Capt.  Young’s  paper  is  in  Chapter  5 

Honorable  Mention 
Col.  Leroy  Bamidge,  USAF 

Commander,  28th  Bombardment  Wing,  Ellsworth  AF  Base 
"U.  S.  Air  Force  Roles  in  Mine  Warfare" 

Col.  Bamidge’ s  paper  is  in  Chapter  2 

Group  Awards 

Don  Bmtzman,  Bryan  Brauns,  Paul  Fleischman,  Tony  Lesperance, 

Brian  Roth  and  Forrest  Young,  Undersea  Warfare  Academic  Group,  NPS 
"Evaluation  of  AUV  Search  Tactics  for  Rapid  Minefield  Traversal  Using 
Analytic  Simulation  and  a  Virtual  World” 

Their  paper  is  in  Chapter  10 

Group  Awards 

Capt.  Thomas  R.  Bemitt,  USN,  Commander,  Explosive  Ordnance  Disposal 
Group  One;  CWO  G.  Mike  Johnson,  USN;  Senior  Chief  Petty  Officer 
Chris  A.  Wynn,  USN;  and  Lt.  Eric  Basu,  USN 
"Developments  in  the  Very  Shallow  Water  Mine  Countermeasures  Test 
Detachment  Program” 

Their  paper  is  in  Chapter  3 

The  1996  Rowzee  Awards 

First  Prize 

Prof  Carl  Schneider,  Ph.D 

Professor  of  Physics,  U.S.  Naval  Academy 

"Maxwell's  Equations  in  Magnetic  Signature  Analysis" 

Prof  Schneider’s  paper  is  in  Chapter  9 

Second  Prize 

Major  Colin  King,  Royal  Army  (Ret.) 

Jane's  Information  Group 
"Landmines  and  Humanitarian  DeMining" 

Major  King’s  paper  is  in  Chapter  3 
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The  1996  Rowzee  Awards  (continued) 


Third  Prize 
Ms.  Helen  Greiner 
ISR  Robotics,  Inc. 

"Enabling  Technologies  for  Swarm  Coverage  Approaches" 

Ms.  Greiner’s  paper  is  in  Chapter  5 

Honorable  Mentions 

Prof  Joel  Burdick,  Ph.D. 

Department  of  Mechanical  Engineering 

California  Institute  of  Technology 

"The  Mechanics  and  Control  of  Robotic  Locomotion" 

Prof  Burdick’s  paper  is  in  Chapter  9 

Profs.  Dale  Lawrence,  Renjeng  Su,  and  Noureddine  Kermiche 
Center  for  Space  Construction,  University  of  Colorado 
"Identification  of  Underwater  Mines  Via  Acoustic  Signature" 

Prof  Su’s  paper  is  in  Chapter  7 

Mr.  Dennis  R.  Hiscock,  Royal  Navy  Scientific  Service  (Ret.) 

"The  Underwater  Influence  Fields  of  Target  Ships  and 
Systems  Considerations" 

Mr.  Hiscock’ s  paper  is  in  Chapter  7 

Prof  J.  D.  Nicoud,  Ph.D. 

Laboratoire  de  Micro-Informatique  EPFL 
Lausanne,  Switzerland 

“GPR  and  Metal  Detector  Portable  Systems,”  “Post-conflict  and  Sustainable 

Humanitarian  Demining,”  and  “Cooperation  in  Europe  for  Humanitarian  Demining” 
Prof  Nicoud’ s  papers  are  in  Chapters  4  and  6 

Mr.  Jason  Regnier 

U.S.  Army  Night  Vision  and  Electro-Optical  Laboratory,  Fort  Belvoir,  VA 
“Tele-Operated  Ordnance  Disposal  Systems  for  Humanitarian  Demining” 

Mr.  Regnier’ s  paper  is  in  Chapter  4 

John  Richard  Benedict,  Jr. 

The  Johns  Hopkins  University,  Applied  Physics  Laboratory  (JHU/APL) 

“Pervasive  Technical  Issues  Related  to  Organic  Mine  Countermeasures  (MCM)” 

Mr.  Benedict’s  paper  is  in  Chapter  7 
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Remarks  of 
Mr.  Charles  A.  Rowzee 


To  have  an  award  bear  my  name  is  truly  an  honor  and  one  of  the  highlights  of  my  career  — 
especially  an  award  in  recognition  of  solving  Mine  Problems. 

I  have  always  considered  myself  fortunate  to  have  contributed  to  solutions  of  mining 
problems.  For  me,  this  was  a  satisfying  environment. 

Before  proceeding  with  the  award  presentations  to  the  winning  participants,  let  me  say  a  few 
words  about  a  weapon  whose  development  is  the  reason  why  I’m  here  tongiht.  This  weapon 
development  was  responsible  for  resolving  a  difficult  sea  problem  ~  the  interdiction  of  roads  and 
inland  waterways.  I  am  refering  to  the  Destructor  Weapon.  This  weapon  system,  consisting  of  an 
armful  of  components,  converts  the  MK-80  series  bomb  into  an  underwater  or  land  mine. 
Development  from  concept  to  deployment  was  accomplished  in  ten  months,  providing  the  Fleet  with 
a  safe,  effective  weapon  at  a  cost  of  less  than  a  pound  of  hamburger  per  pound  of  weapon. 

If  you  think  that  this  is  the  complete  story,  don’t  believe  it.  Now  let  me  tell  you  the  “rest  of 
the  story.”  Very  simply,  it’s  the  Navy  Laboratories,  where  individuals  gain  knowledge  and  experience 
to  resolve  challenging  problems.  This  major  weapon  development  —  concept  to  deployment  in  record 
time  —  could  have  only  been  achieved  through  the  years  of  experience  I  gained  at  the  Navy 
Laboratory  in  White  Oak,  Maryland.  So  I  say,  “Thumbs  Up”  for  the  Navy  and  Defense  Labs. 
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WELCOMING  REMARKS 


CAPT  James  M.  Burin,  USN 
Acting  Superintendent 
Naval  Postgraduate  School 


Good  morning.  First  of  all,  let  me  welcome  you  to  the  Naval  Postgraduate  School  and 
Monterey.  You  have  assembled  an  impressive  group  and  you  are  meeting  on  a  critical  topic. 

We  have  a  lot  of  expertise  and  technology  research  here  at  NPS  in  mine  warfare  and 
related  fields,  so  it’s  an  ideal  setting  for  your  conference.  While  you’re  here,  please  feel  fi-ee 
to  talk  to  NPS  staff  and  students  and  see  what’s  going  on  here  in  these  vital  areas. 

Since  I  have  the  opportumly,  I  would  hke  to  give  you  a  brief  on  mine  warfare.  I  have 
dropped  some  mines,  both  on  land  and  at  sea,  and  have  some  mine  warfare  experience.  I 
have  noticed  that  mine  warfare,  like  nuclear  weapons,  used  to  be  in  war  games.  But  no 
longer;  no  one  wants  to  play  because  these  weapons  are  a  real  ‘show  stopper.’  Hopefiilly, 
you  can  fix  that,  so  that  mines  are  no  longer  show  stoppers. 

I  am  somewhat  of  a  mine  warfare  cult  figure.  As  Airwing  Commander  during  Desert 
Storm,  I  went  into  Ash  Shuwake  Harbor  in  Kuwait  three  nights  in  a  row  looking  for  a  ship 
called  a  Spasilac  -  the  Iraqi  mine  laying  ship.  On  the  first  two  trips,  all  I  got  was  shot  at  a 
lot,  but  no  ship.  Yet  persistence  paid  off.  The  third  time  it  was  not  hidden  well  enough  and 
I  put  two  laser  guided  bombs  into  it.  Now,  that’s  a  form  of  mine  warfare! 

And  that  leads  to  my  final  point.  We  need  to  think  about  mine  warfare  as  a  full 
spectrum  problem,  like  we  did  about  regimental  backfire  raids  on  Navy  battle  groups.  Cruise 
missiles  were  another  tough  problem,  like  mines.  So  we  tried  to  kill  the  archer,  not  the 
arrow.  Then  we  went  beyond  air-to-air  warfare,  where  we  didn’t  just  kill  the  arrow  and  the 
archer,  but  the  quiver  ~  we  used  strike  warfare.  That  should  become  a  part  of  mine  warfare, 
too.  Get  our  strike  warriors  to  find  mines  and  kill  them  on  the  beach.  We  need  to  use  our  full 
spectrum  warfare  capabilities  and  technology  to  attack  this  difficult  problem. 

Again,  welcome  to  the  Naval  Postgraduate  School.  I  hope  and  trust  you  will  have  a 
valuable  and  productive  conference. 
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SPONSOR’S  REMARKS 


RADM  Paul  G.  Gaffney  II,  USN 

Chief  of  Naval  Research 
and 

Dr.  Fred  E.  Saalfeld 

Deputy  Chief  of  Naval  Research,  Technical  Director 


DEPARTMENT  OF  THE  NAVY 

OFFICE  OF  NAVAL  RESEARCH 
800  NORTH  QUINCY  STREET 
ARLINGTON.  VA  22217-5660 


IN  REPLY  REFER  TO 

5  November  1996 


Dear  Colleague: 

The  Office  of  Naval  Research  is  proud  to  co-sponsor  the  1996 
Symposium  on  Technology  and  the  Mine  System^  particularly  as  we 
celebrate  50  years  of  bringing  science  and  technology  to  our  Navy 
and  Marine  Corps  and  our  Nation. 

Welcome  to  what  promises  to  be  an  exciting  and  rewarding  week 
set  in  the  historic  and  beautiful  Monterey  Peninsula.  We  have 
much  to  look  forward  to  this  week,  and  the  tasks  we  hope  to 
accomplish  are  ambitious: 

•  Identify  technologies  that  can  revolutionize 
approaches  to  dealing  with  the  mine  problem; 

•  Match  technologies  and  systems  with  the  realities  of 
requirements  for  Humanitarian  De-Mining; 

•  Define  the  scope,  magnitude,  and  future  course  of  the 
national  and  international  markets  for  mine  clearance-related 
technologies  and  systems,  including  those  based  on  commercial, 
off-the-shelf  products  and  technologies. 

We  encourage  you  to  take  an  active  role  in  the  symposium  — 
participate,  ask  questions,  and  contribute  your  ideas.  While  you 
are  at  the  symposium  please  visit  the  Office  of  Naval  Research 
exhibit  and  pick  up  literature  on  some  of  our  mine  warfare  efforts 
underway . 


PAUL  G.  GAFFNEY,  II' 
Rear  Admiral,  USN 
Chief  of  Naval  Research 


DR.  FRED  E.  SAALFELD 

Deputy  Chief  of  Naval  Research 

Technical  Director 


XXIX 


SPONSOR’S  REMARKS 


Dr.  David  Skinner 

Executive  Director 

Coastal  Systems  Station,  Dahlgren  Division 


DEPARTMENT  OF  THE  NAVY 

COASTAL  SYSTEMS  STATION  DAHLGREN  DIVISION 
NAVAL  SURFACE  WARFARE  CENTER 
6703  WEST  HIGHWAY  98 
PANAMA  CITY  FL  32407-7001 

Over  the  course  of  the  past  year  we  have  made  great  strides  in  the  improvement  of  Mine  Warfare 
(MIW).  The  NSIA,  ADPA,  and  now  the  Mine  Warfare  Association  Conference  have  succeeded 
in  educating  and  involving  industry  and  academia  to  a  high  degree. 

The  Campaign  Plan  has  provided  a  rallying  point  for  the  future  direction  of  MIW  and  the  Navy  is 
taking  notice.  Readiness  has  been  improved  through  the  forward  basing  of  MCM-1  ships  and  the 
development  of  contingency  systems  like  RMS  and  Magic  Lantern.  Development  programs  have 
been  streamlined  and  integration  improved  from  6.1  through  6.5.  Management  coordination  and 
interaction  have  been  improved  throughout  the  MIW  community  through  forums  like  the  Flag 
Off-sites,  the  Acquisition  Coordination  Team,  and  MIW  Technology  Team. 

The  near-term  goals  have  been  accomplished.  The  mid-term  is  closing  in  and  we  are  on  track,  but 
the  MIW  problem  is  far  from  solved.  Our  vision  for  the  far-term  must  now  be  crystallized. 

The  road  ahead  is  sure  to  be  as  full  of  changes  as  the  recent  past.  The  Navy  and  the  DOD  are  still 
evolving  roles,  missions,  and  functions.  As  we  strive  to  keep  pace  with  this  evolution,  several 
things  are  clear: 

We  must  become  fuUy  integrated  into  the  Naval  consciousness; 

We  must  continue  to  improve  the  Fleet’s  MIW  capabilities; 

We  must  stay  ahead  of  our  adversaries  capabilities; 

We  must  be  cost  effective;  and 

We  must  maintain  a  high  level  of  awareness  through  the  Navy. 

How,  then,  do  we  solidify  this  far-term  vision?  We  have  already  started  down  the  path.  We  are 
establishing  a  common  language  for  analytical  discussion  of  MIW,  and  we  are  quantitatively 
baselining  our  near  and  mid-term  capabilities  with  sophisticated  modeling  and  simulation 
capabilities  and  Fleet  exercises.  We  must  then: 

Determine  our  far-term  needs; 

Assess  our  expected  capabilities  against  these  needs  to  determine  if  we  have  shortfalls; 
Develop  approaches  to  fill  these  shortfalls; 

Program,  restructure,  and  adjust  as  required  to  provide  the  Naval  MIW  capabilities. 
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INTRODUCTORY  REMARKS 


Professor  Albert  M.  Bottoms 
Symposium  General  Chair  and 
President,  Mine  Warfare  Association 


General  Sheehan,  General  Howell,  General  Gill,  Admiral  Conley,  Admiral  Pearson, 
Admiral  Gaffiiey,  Dr.  Saalfeld,  distinguished  guests  and  attendees: 

It  gives  me  great  pleasure  to  open  this  second  in  the  planned  series  of  major  technical 
Symposia  at  the  Naval  Postgraduate  School  on  Technology  and  the  Mine  Problem.  We  plan 
to  hold  these  every  18  months.  The  next  one  is  scheduled  for  April  1998. 

The  seriousness  and  urgency  of  the  mine  problem  can  scarcely  be  overstated.  Each 
person  here  has  interest  in  and  responsibility  for  some  facet  of  the  problem  of  mines  -- 
operational,  technical,  programmatic,  or  policy.  These  concerns  apply  to  sea  mines,  land 
mines,  and  to  humanitarian  demining.  We  note  that  technologies  that  relate  to  mines  and 
mine  countermeasures  also  apply  to  the  efforts  to  remediate  areas  contaminated  with  UXOs 
or  hazardous  materials.  Mine  technology  and  countermine  processes  may  also  be  applicable 
in  counter-terrorism. 

This  week  Monterey  is  the  mine  capital  of  the  world.  We  at  the  Naval  Postgraduate 
School  have  a  vision  as  to  how  the  emergent  technologies  about  which  you  will  hear 
eventually  will  be  combined  into  affordable,  autonomous  systems  that  can  deal  effectively 
and  in  a  timely  manner  with  mines,  booby  traps  and  obstacles.  This  is  precisely  what  we 
mean  when  we  say  that  our  objective  is  “to  change  the  world.” 

The  military  art  of  mine  countermeasures  is  supported  by  a  “System  of  Systems”  - 
a  tool  box  of  hardware  and  approaches.  We  challenge  the  systems  people  to  think  about  how 
and  when  the  emergent  technologies  can  be  brought  together  into  systems  approaches. 
Systems  people  are  a  breed  apart.  They  see  combinations.  They  intuitively  imderstand 
mission  needs  and  operational  constraints.  This  Symposium  should  provide  an  opportunity 
for  the  systems  people  and  the  technologists  to  form  networks. 

Systems  people,  along  with  programmatic  sponsors,  also  think  in  terms  of  milestones 
and  time  lines.  You  will  hear  about  the  ACTD  candidate  technologies.  The  ACTD  field 
exercises  in  FY  97  and  FY  ‘98  are  the  next  official  milestone  events.  But  much  of  what  you 
will  hear  falls  on  either  side  of  these  ACTD  milestones. 

Some  ideas,  such  as  bulldozers  and  rakes,  may  be  described  as  “low  tech,”  but,  as  Mr. 
BiU  Baker  points  out,  also  “high  technique.”  Other  ideas  involve  computational  power  and 
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flexibility  only  now  coming  within  grasp.  We  urge  you  to  help  us  identify  these  post-ACTD 
milestones.  Help  us  to  define  for  the  mine  warfare  System  of  Systems  the  initiatives  that 
correspond  to  “planning  wedges”  and  “block  upgrades”  for  platform  acquisitions. 

Now  I  ask  that  we  pause  in  our  anticipation  of  the  program  over  the  next  four  days 
to  honor  the’memory  of  Admiral  “Mike”  Boorda,  USN,  former  Chief  of  Naval  Operations, 
who  personally  encouraged  our  efforts  and  our  vision  for  mine  countermeasures  systems  at 
NFS.  He  wrote  that  he  concurred  that  the  vision  is  within  grasp. 

I  now  call  upon  the  NFS  Command  Chaplain,  Chaplain  John  Wright,  to  give  the 
invocation  for  the  Symposium. 
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CHAPTER?:  TECHNOLOGIES 
FOR  COUNTERING  MINES  AT  SEA 


In  this  Chapter  are  the  papers  that  most  closely  address  the  problem  of  countering  mines  at 
sea.  Note  that  the  technologies  and  systems  discussed  herein  may  also  be  applicable  to  the  related 
military  problem  of  countering  mines  on  land,  and  to  Humanitarian  Demining. 

Military  scenarios  for  sea  mine  countermeasures  have  some  differences  from  military  land 
countermine  scenarios.  For  one,  in  the  pre-assault  phase  of  an  amphibious  forcible  entry,  there  is  a 
premium  on  the  capability  to  conduct  clandestine  or  covert  reconnaissance  of  the  area. 

Assault  mine  countermeasures  is  not  the  only  sea  mine  countermeasures  scenario.  There  is 
also  the  problem  of  securing  sea  lanes  of  communication  by  being  able  to  guarantee  port  egress  and 
ingress,  and  the  safe  transit  of  choke  points,  mineable  channels,  etc.  As  in  the  assault  case,  there  is 
often  an  inexorable  timeline.  The  adroit  use  of  the  minefield  introduces  delays,  spoils  enemy  time¬ 
lines,  introduces  psychological  uncertainty,  and  in  general  introduces  damaging  unknowns  into  the 
overall  calculus  of  combat. 

The  physical  environment  dominates  mine  countermeasures  at  sea.  The  transitions  from  deep 
water,  to  shallow  water,  to  very  shallow  water,  to  the  surf  zone,  and,  finally,  to  the  beach  are  present 
in  varying  degrees  in  almost  every  naval  mine  countermeasures  operation.  The  technological 
approaches  and  candidate  systems  must  respond  to  those  environments.  As  with  land  mine 
countermeasures,  sensors  are  major  components  of  the  enabling  technologies. 

Many  cutting-edge  technologies  and  systems  are  scheduled  for  demonstration  under  the 
ACTD  program  over  the  next  two  years.  The  1998  Symposium  on  Technology  and  the  Mine 
Problem  will  provide  an  opportunity  for  discussion  of  the  results  of  those  demonstrations.  In  the  Call 
for  Paprs  for  the  April  1998  Symposium,  we  will  include  a  call  for  evaluation  techniques  based  upon 
modeling  and  simulation. 
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The  Underwater  Influence  Fields  of  Target  Ships: 
Some  Mine  Sensor  System  Considerations  and  the 
Strengths  and  Weaknesses  of  Influence  Mine  Sweeping 

Mr.  Dermis  R.  Hiscock 

Former  Head  of  Mine  Countermeasures,  Royal  Navy,  U.K. 


The  purpose  of  this  paper  is  threefold: - 

(a)  To  review  the  origin  and  nature  of  target  influence  fields 
capable  of  being  exploited  by  a  sea  mine  designer. 

(b)  To  consider  some  relevant  minesweeping  aspects  of  mine  sensor 
system  design. 

(c)  To  address  the  stengths  and  weaknesses  of  influence 

minesweeping. 

It  should  be  stressed  that  the  views  expressed  are  those  of  the  author  and  in 
no  way  should  be  associated  with  or  attributed  to  any  governmental  or 
commercial  organisation. 

INFLUENCE  FIELDS 

The  main  influence  fields  utilsed  by  a  sea  mine  designer  in  posing  a  threat 
to  a  tcurget  are: 

*  Magnetic 

*  Acoustic  -  including  seismic 

*  Pressure 

To  a  lesser  extent  the  following  are  also  exploited: 

*  Underwater  Electric  Potential  (UEP) 

*  Alternating  Electric  (AE) 

*  Alternating  Magnetic  (AM) 

Ihe  latter  two  are  collectively  known  as  the  ELFE  phenomenon., 
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MAGNETIC 


The  nagnetic  influence  field  of  a  target  vessel  comprises  two  main  components 

1 )  An  induced  field  due  to  the  Ecurth's  magnetic  field  interacting 
with  the  targets  ferro-magnetic  content. 

2)  A  perroanent  field  due  to  the  targets  remanent  magnetization. 


Whereas  the  strength  and  direction  of  the  induced  field  varies  according  to 
the  target's  latitude  and  heading,  the  permanent  field  is  acquired  during 
construction  and  through  life  operating  environment.  Other  iitfluence  field 
sources  are  due  to  eddy  currents  arising  frcsn  target  roll  and  pitch  and  stray 
fields  generated  by  electrical  rotating  equipment.  Obese  are  of  particular 
relevance  to  low  magnetic  influence  field  targets  such  as  MCMV  s. 

The  permanent  and  induced  fields  of  the  target  can  be  coi^idered  to  be 
equivalent  to  a  volumetric  distribution  of  three  axis  magnetic  dipoles  and, 
if  their  strengths  were  known,  classical  techniques  for  field  conputation 
could  be  applied.  However,  the  latter  is  impractical  and  the  current 
approach,  vhich  has  evolved  over  many  years,  is  to  magnetically  r^ge  target 
vessels  and  apply  raathematical  techniques  to  deduce  the  various  field 
elements.  Field  strengths  in  other  than  the  range  measurem^t  environment 
can  then  be  detennined.  It  appears  that,  even  for  low  influence  field 
targets,  such  as  GRP  MCMV's  in  depths  as  shallow  as  nii^  metres,  a  linear 
distribution  of  magnetic  dipoles  suffices  to  characterise  the  induced  and 
permanent  fields.  This  is  even  more  so  for  steel  targets  \^ere  vertical  and 
horizontal  fields  from  the  ferromagnetic  content  predcaninate,  and  is  of 
significance  v^en  considering  influence  field  sweep  simulation  systems. 
Field  levels  from  this  magnetic  content  can  range  from  tens  of  nano- tesla  for 
a  degaussed  vessel  to  thousands  of  nano-tesla  for  an  undegaussed  steel 
vessel. 

As  the  fields  are  essentially  magnetic  dipole  in  origin  they  fall  off  rapidly 
with  range.  Indeed,  at  extreme  ranges  vhere  the  ship  is  seen  as  a  single 
dipole,  inversely  as  the  cube  of  the  range. 


ACOUSTIC 


Acoustically,  power  driven  targets  radiate  significant  levels  of  unde:^ter 
energy.  This  emanates  frcxti  propulsion  machinery,  hull  vibrations,  auxiliary 
machinery  and  propeller  beat  and  cavitation.  Other  hydrodynamic  flow  noise 
sources  also  radiate  energy.  The  resultant  acoustic  pressure  fields  are 
extremely  difficult  to  predict  and  can  be  quite  variable  due  to  changes  in 
the  propagation  environment  particularly  in  shallow  v^ter.  They  are  broad 
band  typically  ranging  frc*n  1  Hz  to  1 00  KHz  with  superimposed  line  structure 
at  low  frequencies. 
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The  very  wide  range  of  acoustic  sources  makes  it  extremely  difficult  to 
mathematically  represent  the  ship  by  classical  monopole,  dipole  or  multipole 
distributions  and  resort  has  to  be  made  to  at  sea  measurements  to  quantify 
the  field  characteristics. 

Levels  of  narrow  band  spectral  lines  at  low  frequencies  are  typically  between 
about  135  and  150  dB  relative  to  one  micropascal  at  one  metre.  Spectral 
levels  are  higher  being  approximately  constant  up  to  about  1  KHz  falling  off 
thereafter  with  increasing  frequency. 

In  deep  water  sound  pressure  levels  tend  to  fall  off  inversely  as  the  square 
of  the  range  and  therefore  retain  above  background  levels  at  ranges  further 
than  the  magnetic  or  hydrodynamic  pressure  influences.  They  are  target  speed 
dependent. 

In  shallow  water  the  nature  of  the  propagation  changes  from  spherical  to 
cylindrical  spreading  with  an  even  lower  rate  of  fall  off  of  anplitude  with 
range. 

In  the  shallow  water  the  acoustic  energy  radiated  by  targets  excites  the  sea¬ 
bed  giving  rise  to  seismic  effects.  The  nature  of  these  depends  critically 
on  the  acoustic  characteristics  of  the  sea-bed. 


pressure 


The  sea-bed  hydrodymic  pressure  field  of  a  ship,  submarine  or  hovercraft 
target  is  seen  as  a  change  in  ambient  pressure  comprising  two  components. 

(a)  a  displacement  field  doninant  at  lew  percentages  of  the  critical 
wave  speed  (g  x  depth)/;-  and 

(b)  a  wavefield  conprising  transverse  and  divergent  waves  below  and 
divergent  vraves  only  above,  the  critical  speed. 

The  pressure  fields  can  be  accurately  calculated  in  zero  background  swell 
conditions  by  replacing  the  target  by  a  linear  distribution  of  hydrodynamic 
doublets  v^ose  strengths  is  proportional  to  the  ships  curve  of  underwater 
areas.  In  the  case  of  a  hovercraft  its  field  is  equivalent  to  a  surface  ship 
of  equivalent  displacement. 

Target  submergence  affects  both  the  displacement  and  wavefield  components, 
the  latter  attenuating  with  depth  of  sutaxiergenoe  vhilst  the  former  changes  in 
character  with  little  change  in  maximum  amplitudes.  However  significant 
increases  in  rates  of  change,  particularly  near  the  bow  and  stem,  occur  as 
submerged  depth  increases. 
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The  displacement  component  of  the  field  is  in  essence  colocated  with  the 
target.  It  is  characterised  by  an  increase  in  pressure  as  the  bow  approaches 
a  point  on  the  sea-bed  followed  by  a  decrease  in  pressure  just  aft  of  the  bow 
to  just  forward  of  the  stem  returning  to  a  pressure  increase  as  the  target 
passes.  The  duration  of  negative  pressure  under  the  bed  is  approximately 
equal  to  the  prismatic  length  (prismatic  coefficient  x  waterline  length) 
divided  by  the  forward  speed.  Amplitudes  are  aj^roximately  proportional  to 
the  square  of  the  speed  and  decrease  with  increasing  water  depth,  very 
approximately  as  (depth)  1.5.  They  fall  off  more  rapidly  with  distance  beam 
and  range  in  amplitude  from  a  few  millimetres  to  many  centimetres  of  vrater 
head. 

Background  swell  with  interfering  vravelengths  of  tens  to  hundreds  of  metres 
breaks  up  the  calm  water  influence  field  signature.  This  is  of  far  greater 
significance  than  the  corresponding  background  magnetic  and  acoustic  noise 
fields.  For  swell  coming  from  directions  directly  ahead  or  astern  a  siiiple 
addition  of  the  respective  fields  suffices  to  determine  the  resultant. 
However,  for  swell  direction  from  the  beam  a  more  connplex  interaction  is 
involved. 


UNDERWATER  ELEiCTElIC  POTENTIAL  (UEP) 

UEP  is  an  electrical  influence  field  arising  from  the  direct  corrosion 
currents  vAiich  flow  around  the  hull  of  a  target  emanating  from  the  use  of 
dissimilar  metals  in  an  electrolytic  medium.  It  can  also  be  due  to  the 
Current  Cathodic  Proptection  System  v^ich  may,  of  course,  be  switched  off  in 
a  v^rtime  situation.  To  a  first  approximation  the  target  can  be  considered 
to  be  equivalent  to  an  electric  dipole  of  strength  typically  in  the  tens  to 
hundreds  of  ampere-metres  range.  The  electric  dipole  will  have  an  associated 
magnetic  effect. 


ALTERNATING  ELECTRIC  (AE) 


The  alternating  electric  influence  field  arises  from  the  modulation  of  the 
corrosion  currents  producing  the  UEP  phencxnenon,  and  the  emissions  from 
domestic  and  the  numerous  support  systems.  A  wide  frequency  band  is 
broadcast  fron  the  target  but  the  important  range  is  0.5  Hz  to  1  KHz.  The 
effective  dipole  strengths  again  vary  from  tens  to  hundreds  of  ampere-metres. 
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ALTERNATING  MAa^ETIC  (AM) 


The  electrical  fields  from  the  UEP  phencxnena  have  an  asscx^iated  magnetic 
field  effect.  In  addition,  the  electrical  machinery  and  equipnent  facilities 
on  board  a  target  vessel,  in  particular  the  electric  power  distribution 
system,  radiate  magnetic  fields.  Frequencies  are  typically  in  the  range  of 
0.5  Hz  to  1  KHz  and  dipole  strengths  may  again  range  fron  tens  to  hundreds  of 
ampere-metres . 

This  electro  magnetic  influence  field  can  be  extremely  iiiportant  in  the  case 
of  GEIP  or  vrooden,  MCMV's  since  their  hulls  will  not  attenuate  the  magnetic 
emissions. 

The  UEP,  AE  and  AM  sea-bed  influence  fields  depend  on  the  conductivity 
profiles  of  both  the  sea-water  and  sea-bed.  Given  appropriate  models  for 
these  then  classical  techniques  can  be  used  to  quantify  their  propagation 
characteristics . 


SUMMARY 

In  summary,  pressure  influence  fields  can  be  calculated:  magnetic  influence 
fields  need  to  be  measured  in  one  set  of  conditions  of  locality,  depth  and 
distance  abeam  but  then  can  be  modelled  to  calculate  fields  in  other 
localities  depths  and  distances  abeam:  acoustic  influence  fields  need  to  be 
measured:  underwater  electric  potential  and  alternating  electric  and  magnetic 
influence  fields  need  to  be  measured  in  known  conductivity  environments  and 
then  modelled  to  calculate  fields  in  other  conductivity  environments. 
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MINE  SENSOR  SYSTEM  DESICN  ASPECTS 


This  section  of  the  paper  is  not  intended  to  be  an  in  depth  analysis  of  mine 
sensor  system  design:  rather  it  is  a  limited  review  of  sane  aspects  of  their 
concept  and  inplementation  vibich  have  relevance  to  their  countermeasure.  A 
more  cotprehensive  analysis  would  inevitably  lead  to  a  higher  security 
classifaction. 

Ground  influence  mine  sensor  systems  utilising  magnetic,  acoustic,  pressure 
or  UEP  fields  can  and  have  been  used  singly.  Combination  mines  requiring  the 
presence  of  two  or  more  influences  suitably  colocated  increase  the  sweeping 
problem:  however  another  reason  for  their  use  is  to  prevent  false  actuations 
due  to  background  noise. 

ItoDred  influence  mine  sensor  ^sterns  are  more  likely  to  utilise  acoustic 
magnetic,  UEP  and  ELEE  phenonena  due  to  motion  noise  affecting  the  pressure 
influence. 

Seismic  sensor  systems,  by  nature  of  the  propagation  phenonena,  will  be 
limited  to  a  target  alert  function  only. 

Magnetic  mine  sensor  systems  employ  either  a  search  coil  or  a  magnetometer  to 
provide  the  necessary  input  into  the  target  detection  mechanism.  Search 
coils  sense  the  magnetic  field  changes,  in  one  direction,  caused  by  a  moving 
target,  namely  along  their  central  axis  and  are  therefore  orientation 
dependent.  This  is  of  significance  in  the  determination  of  sweeping  widths 
v^ich  will  vary  according  to  the  mine  sensor  orientation.  Magnetoneters 
however  can  be  used  in  multi  axis  configuration  and  hence,  if  the  mine 
designer  so  chooses,  measure  the  total  magnetic  field  disturbance  thus  making 
swept  path  assessment  more  predictable. 

In  either  case  target  data  input  into  the  firing  mechanism  can  be  processed 
in  a  number  of  ways  designed  to  optimise  the  firing  point  to  achieve  the 
required  damage  and  to  maximise  countermeasure  resistance.  For  example, 
logic  could  require  sweep  signals  to  be  target-like  and  minimise  false 
actuations  due  to  environmental  effects.  The  need  for  emulation  sweeping  can 
thus  arise.  Furthermore  the  advent  of  modem  technology  does  give  rise  to 
the  possibility  of  lateral  range  assessment  so  enabling  the  mine  to  be 
actuated  only  within  the  target  damage  contour. 

Passive  acoustic  mine  firing  mechanisms  have  enployed  either  vibration 
sensors  or  hydrophones  to  convert  the  applied  influence  fields  into 
electrical  signals  for  analysis  and  processing.  To  maximise  countenneasures 
resistance,  acoustic  energies  which  either  build  up  too  slowly  or  develop  too 
quickly  are  rejected.  In  general,  acoustic  sensor  systons  respond  only  to 
energies  within  given  frequency  b^ds  and  wAiich  increase  in  intensity  at 
prescribed  rates  of  change.  Seismic  sensor  systems  essentially  use 
accelerometers . 

Active  acoustic  mine  sensor  systems  use  upward  looking  echo  sounders  to 
achieve  the  required  firing  point  within  the  targets  damage  contour. 
Conbined  active  passive  acoustic  sensor  systems  can  also  be  utilised. 
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Pressure  niine  sensors  enploy  classical  techniques  for  measuring  the  change  in 

ambient  pressure  and  mine  types  include 

(a)  Simple  conventional  in  vhich  a  preset  reduction  change  in  ambient 
pressure  is  required  to  be  maintained  for  at  least  a  given  time. 

(b)  Integrating  in  which  the  integral  of  the  square  root  of  th 
negative  pressure  is  required  to  be  exceeded  for  a  given  time,  so 
reducing  sensitivity  to  target  speed  changes. 

(c)  Pseudo-integrating  in  viiich  a  number  of  simple  conventional  mine 
settings  are  used  in  a  single  mine  -  with  only  one  seet  needing 
to  be  satisfied  for  actuation  -  to  reduce  the  sensitivity  to 
target  speed. 


The  mine  designer  has  to  take  into  account  the  efect  of  background  swell  - 
more  than  one  design  is  known  to  have  had  an  unacceptable  performance  in 
terms  of  false  actuations  -  and  consideration  has  been  given  to  the  use  of 
filter  techiques,  particularly  for  large  targets,  exploiting  the  considerable 
difference  between  the  fundamental  frequency  of  the  target  field  and  the 
period  of  the  interfering  swell. 

In  general,  however,  because  of  the  uncertain  mature  of  the  swell  background 
the  mine  designer  is  not  likely  to  use  the  pressure  influence  alone;  it  most 
probably  would  be  incorporated  in  a  magnetic,  or  acoustic-magnetic  unit.  The 
primary  function  therein  would  be  as  an  anti-sweeping  device. 

UEP  and  alternating  electric  systems  measure  potential  differences  between 
electrodes  and  associated  alternating  magnetic  fields  are  sensed  using 
magnetcxneters . 

In  summary,  mine  sensor  system  design  capabilities  lead  to  generic  sweeping 
requirements  reflecting  the  need  to  produce  in  the  vicinity  of  the  mine 
spatial  and  temporal  simulations  of  the  target  vesels  influence  fields.  The 
simulation  should  be  such  that  the  mine  designer  cannot  exploit  differences 
betwe^  the  influence  fields  of  the  target  vessel  and  sweep.  Nevertheless, 
the  mine  has  to  pose  an  appropriate  level  of  threat  to  a  target  if  the  mining 
policy  is  to  be  effective.  This  could  entail  utilising  influence  field 
signatures  at  the  required  lateral  damage  range  rather  than  those  directly 
under  the  keel.  Since  the  fine  structure  of  the  influence  fields  decreases 
as  the  lateral  range  increases,  this  could  ease  the  sweeping  problem. 
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THE  STE^ENGTH  AND  WEAKNESSES  OF  INFLUENCE  MINE  SWEEPING 


This  section  of  the  paper  initially  sumnarises  types  of  influence  itiim 
sweeping  systems  before  addressing  perceived  strengths  and  weaknesses  both  in 
a  general  and  specific  sense. 


MA(3®TIC 


Magnetic  minesweeping  systems  aim  to  produce  simulations  of  the  ships 
magnetic  field  in  the  vincinity  of  the  mine.  Tlie  majority  of  in  service 
sweeps  involve  the  generation  of  a  very  large  electical  current  v^ich  is 
transmitted  through  insulated  cables  vAiich  are  tewed  astern  of  the  deploying 
platform.  In  open  loop  sweeps,  the  current  passes  from  one  cable  leg  via  an 
electrode  into  the  sea  returning  to  the  generator  via  an  electrode  on  the 
other  cable  leg..  In  closed  loop  systems  the  two  cable  legs  are  effectively 
joined  to  form  a  loop.  Hie  current  through  the  two  cables  is  modulated  to 
try  and  simulate  the  shape  of  a  ships  magnetic  signature. 

In  recent  years  both  tewing  highly  magnetised  devices  or  variable  manent 
magnets  to  likewise  simulate  ships  magnetic  fields  have  been  successfully 
demonstrated.  Electromagnetic  solenoids  have  also  been  used,  particuarly  in 
remote  systems. 

Open  loop  system  perfontance  is  sensitive  to  the  conductivity  of  the  sea 
water  and  sea-bed  and  an  associated  monitoring  sysem  is  desirable  if  tactics 
are  to  be  optimised.  Environmental  prediction  is  feasible  but  not  very 
reliable,  particularly  in  shallow  water. 


ACOUSTIC 


There  are  three  main  generic  types  of  acoustic  minesweeping  system: - 

a)  noise  makers  including  those  in  the  form  of  explosive  devices, 
haitmer  boxes,  towed  pipes  (rattle  bars),  pnueumatic  jack  hammers, 
motor  driven  vibrating  diaphragms,  spark  discharges,  pulsed 
cavitating  venturi  tubes. 

b)  underwater  loud  speakers  both  electrodynamic  and  hydraulic  driven 
by  electronic  oscillators  and  anplifiers. 

c)  Magneto  strict! ve/Piezoelectric  active  broad  band  transducers. 

The  last  two  types  can  be  externally  programmed  to  simulate  various  acoustic 
signature  characteristics.  However,  to  adequately  simulate  a  target  acoustic 
signature  more  than  one  type  of  generic  sweep  is  likely  to  be  required. 
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The  performance  of  acoustic  sweeps  is  environmentally  sensitive  due  to 
changing  propagation  conditions  in  the  vater  column  and  sea-bed.  Itonitoring 
of  sweep  performance  is  necessary  in  ship  deployed  systems  to  ensure  that  the 
risk  to  the  deploying  platorm  is  not  increased.  Whilst  prediction  of  sweep 
performance  based  on  knowledge  of  the  relevant  environmental  parameters  is 
feasible,  this  approach  is  not  very  reliable  particularly  in  shallow  vater. 

Seismic  sweeps  are  essentially  very  low  frequency  acoustic  generators 
employing  either  electrodynamic  or  electro  hydraulic  noise  makers  -  the 
latter  including  air  guns. 


PRESSURE 


Pressure  minesweeping  systems  investigated  have  included  the  following 


a) 

Explosive  resistcint  displacanent  sweeps 

b) 

Wavemaking  devices 

c) 

Hydrofoil  systems 

d) 

Vortex  generators 

e) 

Pseudo  -  displacement  devices 

f) 

Guinea  Pig  Ships 

Of  these  the  most  effective,  taking  into  account 
associated  electric  magnetic  and  acoustic  fields. 

also  the  need  to  provide 
is  the  guinea  pig  ship. 
However,  the  displacement  of  this  ship  has  to  be  at  least  commensurate  with 
the  size  of  the  target  vessel  to  be  protected  and  even  greater  if 
operationally  desirable  swept  paths  are  to  be  achieved. 


UEP/t^-FE 


UEP  and  alternating  electric  and  magnetic  minesweeping  systems  are  relatively 
siiiple  requiring  the  implementation  of  current  dipoles,  modulated  as 
necessary,  to  simulate  the  required  characteristics. 
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STRMGHS  AND  WEAKNESSES 


The  strengths  of  influence  minesweeping  systems  in  general  include 

a)  The  presence  of  a  threat  is  confirmed  once  a  mine  has  been  swept 

BO  The  threat  is  seen  to  be  removed 

c)  Buried  mines  can  be  countered 

d)  The  interface  with  the  ccxnbat  systems  centre  is  relatively  simple 

e)  There  is  potentially  a  high  single  pass  rate  of  coverage 

f)  The  systems  are  relatively  easy  to  itiaintain  and  operate 

g)  Their  availability  restricts  the  options  open  to  the  mine 
designer 

In  contrast  their  weaknesses  include,  not  in  any  order  of  priority 

a)  Clearance  rate  is  sensitive  to  ship  counts 

b)  Non-ship  like  fields  can  be  exploited  by  the  mine  designer 

c)  Associated  with  b)  not  all  influences  can  be  practically 

simulated. 

d)  Multi  influence  sweeping  requirenents  exacerbate  the  handling  and 
deployment  problems. 

e)  Performances  can  be  environmentally  dependent 

f)  Sweeps  need  to  be  explosion  resistant 

g)  The  towing  platform's  manoeuvrability  is  restricted 

h)  The  deployment  platform  has  to  pass  over  the  minefield 

i)  Qrgcinic  syst^ns  are  limited  by  deployment  system  space,  weight 
and  power  availability 

j )  Knowledge  of  threat  characteristics  is  highly  desirable  to 
optimise  performance  and  tactics 

k)  When  the  mine  characteristics  are  unknown  a  policy  of  target 
protection  rather  than  one  of  sweeping  specific  mines  has  to  be 
implemented 

l)  Operations  are  tedious  and  can  be  time  consuming  even  with 
potentially  high  coverage  rates 
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Specific  Weaknesses 

Magnetic 

a)  Lcop  systems  require  high  power  and  signatures  are  difficult  to 
make  ship-like. 

b)  Open  loop  system  performance  is  environmentally  sensitive  and 
field  monitoring  is  desirable  to  obtain  knowledge  and  effectively 
use,  the  influence  fields  created. 

c)  Solenoid  systems  require  high  power  and  need  to  be  used  in  tandem 
to  simulate  target  fields  effectively.  However  they  are  the  only 
practical  means  of  simulating  the  three  dimensional  influence 
field  characteristics  of  targets. 

d)  Permanent  magnets  are  heavy  and  operationally  inflexible. 

e)  Variable  iionent  magnets  are  irapractically  heavy  if  there  is  a 
requirement  to  simulate  undegaussed  fields  of  large  targets. 

f)  Tandem  systems,  if  towed,  have  to  be  depleted  well  astern  to 
maintain  safety  of  towing  platform. 

Acoustic 

a)  More  than  one  system  needs  to  be  deployed  to  cover  the  frequency 
band  of  interest. 

b)  Performance  predicticxi  and  monitoring  especially  in  shallow 
water,  is  difficult  and  unreliable  at  lew  frequencies. 

c)  The  towing  platform  can  be  put  at  risk  if  acoustic  sweep  outputs 
are  not  appropriately  monitored  and  controlled. 

d)  They  are  invariably  negatively  buoyant  so  additional  buoyancy 
devices  maybe  required  to  ensure  stable  depth  of  tow. 

e)  Their  explosion  resistance  is  limited. 

Pressure 


a)  The  sweep  displacement  must  be  at  least  conmensurate  with  target 
size  of  the  target  to  be  protected. 

b)  The  performance  is  affected  by  natural  background  swell. 

c)  Explosion  resistance  is  limited. 
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uep/t^-fb 


a)  The  performance  is  environmentally  sensitive  -  and  appropriate 
monitoring  and  control  is  necessary. 


SUMMARY 


In  summary  this  paper  has  reviewed  the  origins  and  nature  of  influence  fields 
v^ich  may  be  exploited  by  a  mine  designer:  sane  aspects  of  mine  design 
relevant  to  the  problem  of  influence  minesweeping  and  finally  the  strengths 
and  weaknesses  of  systems  designed  as  countermeasures. 

It  is  not  intended  to  be  an  in  depth  treatment  of  all  these  topics:  nor  could 
it  be  in  an  unclassified  publication.  Finally  I  would  again  stress  that  the 
views  expressed  herein  are  those  of  the  author  alone. 
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Pervasive  Technical  Issues  Related  to  Organic  Mine 
Countermeasures  (MCM) 


John  Richard  Benedict,  Jr. 

The  Johns  Hopkins  University 
Applied  Physics  Laboratory  (JHU/APL) 
Johns  Hopkins  Road 
Laurel,  MD  20723-6099  USA 


Abstract  -  JHU/APL  has  recently  been  Involved  in  a  series  of  operational  effectiveness 
analysis  studies  related  to  minefield  reconnaissance  and/or  mine  detection  and  avoidance. 
As  a  result,  various  onboard  and  offboard  system  alternatives  and  their  associated  tactics 
have  been  assessed  at  the  sensor,  unit,  and  mission  levels  to  establish  potential 
contributions  to  organic  mine  countermeasure  efforts.  In  other  words,  the  ability  of  these 
systems/tactics  to  enhance  the  counter-mine  capability  of  forward  deployed  forces 

(submarines  or  multi-purpose  surface  combatants)  in  the  absence  of  dedicated  MCM  assets 
was  evaluated.  By  the  conduct  of  these  studies,  a  unique  perspective  has  been  gained  o  n 
the  pervasive  technical  issues  that  will  likely  determine  the  degree  of  success  of  future 
organic  MCM  operations.  Some  of  these  issues  include: 

a .  The  development  of  reliable  computer  aided  detection  algorithms  for 

onboard  search  sonars  to  enhance  the  ability  to  discriminate  clutter  (and  thus  avoid  a  sea 
full  of  clutter  objects). 

b  •  The  ability  of  search  sonars  to  exploit  multipath  in  key  littoral 

environments,  i.e.,  the  ability  to  maintain  target  echo  coherence  after  multiple  boundary 
interactions. 

c .  The  development  of  reliable  computer  aided  detection/classification/ 
identification  (CAD/CAC/CAI)  techniques  for  autonomous  (untethered)  offboard  vehicles, 
both  to  manage  the  clutter  and  to  make  correct  calls  on  actual  mines. 

d.  The  development  of  safe,  high  density  energy  sources,  e.g.,  for  the 

employment  of  unmanned  undersea  vehicles  (UUVs)  on  submarines. 

e.  The  ability  to  achieve  high  mission  reliability  with  offboard  vehicles 

conducting  long  endurance  mine  reconnaissance  operations. 

f.  The  ability  to  reduce/control  signatures  on  offboard  vehicles  to  minimize 

their  vulnerability  to  mines  during  reconnaissance  missions. 

g .  The  development  of  precise  navigation  techniques  for  offboard  vehicles 

during  long  endurance  reconnaissance  missions,  i.e.,  consistent  with  overall  mission 
accomplishment. 

Each  of  these  technical  issues  will  be  addressed  in  terms  of  the  insights  gained 
from  associated  operational  effectiveness  analyses;  for  example,  how  good  is  good  enough 
in  terms  of  these  technical  developments  (sensor  performance,  energy  sources,  reliability, 

signatures,  accuracies)  to  support  various  tactics  and  mission  objectives? 


I.  INTRODUCTION 

In  a  1995  white  paper  entitled  "Mine 
Countenneasures  -  An  Inte^  Part  of  Our 
Strategy  and  Our  Forces",  Chief  of  Naval 
Operations  (CNO)  Boorda  stated  the  following: 

"For  the  long  term,  we  will  focus  on 
innovative  technologies,  systems,  and  techniques 
that  will  ensure  future  organic  MCM  capabilities 


will  become  available.. .the  Navy’s  dedicated 
MCM  forces  will  augment  and  complement  the 
organic  capabilities  resident  throughout  the 
operating  forces..."  [1] 

This  CNO  perspective  represents  a  sea 
change  in  MCM  and  refers  to  the  current 
emphasis  on  upgrading  the  organic  "capability 
that  is  carried  in  forward  deployed  forces  to  allow 
early  MCM  operations"  [2].  There  is  increased 
focus  on  integrating  advanced  MCM  systems 
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into  submarines,  surface  combatants,  and  ship- 
based  helicopters  such  as  the  SH-60.  Dedicated 
MCM  forces  such  as  current  airborne  and  surface 
units  will  still  play  a  key  role  as  shown  in 
Figure  1  from  the  April  1996  U.S.  Naval 
Warfare  Plan,  but  it  will  not  be  an  exclusive  role 
[3].  In  fact,  the  issue  of  how  to  best  employ 
organic  and  dedicated  MCM  forces  in  future 
contingencies  is  currently  under  study.  The 
diverse  systems  presently  under  development 
within  each  of  the  components  of  the  MCM 
pyramid  are  shown  in  Table  1. 

The  required  counter-mine  capability 
categories,  based  on  a  review  of  relevant  Mission 
Need  Statements  (MNS)  and  Operational 
Requirement  Documents  (ORDs),  are 
summarized  in  Table  2.  Of  the  six  capability 
areas  shown,  three  relate  primarily  to  Dedicated 
MCM  Forces  -  clearance  of  the  sea  mine  threat, 
mine/obstacle  clearance  of  the  landing  area,  and 
accurate  lane  marking  of  the  landing  area.  Three 
other  areas  identified  in  Table  2  are  the  principal 
perceived  capabilities  for  Organic  MCM  Forces  - 
rapid  reconnaissance  and  assessment  of  the  mine 
threat  (possibly  clandestine),  organic  mine 
detection  and  avoidance,  and  accurate/timely 
clandestine  reconnaissance  of  mines  and  obstacles 
as  part  of  shallow  water  MCM  (SWMCM) 
operations  in  support  of  amphibious  assaults. 
The  latter  includes  the  beach,  surf  zone  (SZ,  < 
10’  of  water),  very  shallow  water  regions  (VSW, 
10-40’),  and  shallow  water  areas  (SW,  40-200’). 

There  is  considerable  functional  overlap 
between  Dedicated  MCM  and  Organic  MCM 
assets.  Organic  MCM  forces  may  ultimately  be 
given  some  limited  mine  clearance  capabilities. 
Dedicated  MCM  forces  as  part  of  their 
minehunting/neutralization  or  minesweeping 
efforts  will  often  do  mine  reconnaissance,  where 
mine  reconnaissance  is  defined  as  an  "MCM 
operation  that  encompasses  some  or  all  of  the 
following: 

(1)  Detection  -  process  of  determining 
that  an  object  is  present 

(2)  Classification  -  process  of 
determining  if  the  object  that  has  been  detected  is 
mine-like  or  nonmine-like 

(3)  Identification  -  process  of 
determining  if  a  mine-like  object  is  actually  a 
mine"  [2]. 


Figure  2  presents  a  summary  of  the 
assets,  key  functions,  and  key  MCM  roles  fcx* 
each  of  the  following:  the  Dedicated  MCM  facet 
(mostly  non-clandestine),  the  Organic  MCM 
force  (clandestine  portion),  and  the  Organic 
MCM  force  (non-clandestine  portion).  The 
Dedicated  MCM  assets  include  Air  MCM  (i.e., 
MH-53E),  surface  MCM  (MCM-1  and  MHC-51 
classes),  SWMCM  (e.g.,  U.S.  Marine  Corps 
forces  such  as  MCAC),  Explosive  Ordnance 
Disposal  (EOD),  Naval  Special  Warfare  (NSW), 
and  marine  mammals.  These  assets  are  either 
overt  (Air  MCM,  Surface  MCM,  SWMCM, 
EOD)  or  clandestine  but  slow  in  terms  of 
minehunting/neutralization  (NSW,  marine 
mammals).  Their  main  roles  relate  to  SWMCM 
breaching  operations,  clearance  of  sea  lines  of 
communication  (SLOCs)  and  operating  areas 
(OPAREAs)  in  less  contested  regions,  and 
clearance  of  U.S  ./Allied  ports. 

For  the  Organic  MCM  forces  the 
distinction  between  clandestine  and  non- 
clandestine  assets  is  even  more  essential  to 
understanding  which  assets  are  intended  for  what 
MCM  roles.  Reference  2  states  that  "a 
clandestine  operation  conceals  the  in  tent...  to 
prevent  enemy  exploitation."  Organic  MCM 
assets  capable  of  clandestine  reconnaissance 
include  nuclear  attack  submarines  (SSNs) 
employing  unmanned  undersea  vehicles  (UUVs), 
national  systems  such  as  Radiant  Clear,  and 
airborne  systems  such  as  the  Cobra  unmanned  air 
vehicle  (UAV).  These  clandestine  systems  are 
intended  to  conduct  reconnaissance  in  support  of 
amphibious  assaults  (inside  the  radar  horizon  of 
advCTsary  coastal  defenses),  in  highly  contested 
SLOCs/OP AREAS,  and  for  SSN  missions  in 
potentially  minable  waters. 

Organic  MCM  assets  capable  of  non- 
clandestine  reconnaissance  include  surface 
combatants  employing  semi-submersibles  and 
helicopters.  These  platforms  and  their  associated 
sensors  are  intended  to  conduct  reconnaissance  in 
support  of  the  amphibious  objective  area  or  AO  A 
(but  beyond  the  adva^sary  surveillance  horizon 
and  coastal  defenses),  in  less  contested 
SLOCs/OP  AREAS,  and  for  surface  combatant 
missions  in  potentially  minable  waters.  Table  3 
further  contrasts  the  differences  in  clandestine 
versus  non-clandestine  mine  reconnaissance 
operations  in  terms  of  the  key  platforms, 
offboard  vehicles,  and  associated  communications 
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between  the  offboard  vehicles  and  their  host 
platforms. 

Table  4  presents  a  summary  of  the 
recent  studies  that  have  been  conducted  related  to 
Organic  MCM  reconnaissance  and/or  avoidance. 
Most  of  these  studies  have  been  Cost  and 
Operational  Effectiveness  Analyses  (COEAs)  for 
specific  platforms  (New  SSN,  21st  Century 
Surface  Combatant),  offboard  vehicles 
(Submarine  Offboard  Mine  Search  Systems, 
Long  Term  Mine  Reconnaissance  System, 
Remote  Minehunting  System)  or  sensor 
programs  (BSY-1  High  Frequency  Upgrade, 
Advanced  Laser  Mine  Detection  System).  Two 
studies  will  be  emphasized  in  the  material  that 
follows,  i.e.,  the  LMRS  COEA  and  the  Future 
Fleet  Combatant  Organic  Mine  Avoidance  and 
Reconnaissance  (FFCOMAR)  Study.  The 
LMRS  COEA  will  highlight  a  number  of 
technical  issues  associated  with  offboard  vehicles 
performing  clandestine  mine  reconnaissance 
missions.  The  FFCOMAR  study  had  the  widest 
scope  of  the  studies  shown  and  provides  key 
insights  on  the  advantages  and  disadvantages  for 
various  Organic  MCM  approaches,  including 
onboard  versus  offboard  system  trade-offs. 

IL  FFCOMAR  STUDY  INSIGHTS 

The  FFCOMAR  study  was  cwiducted 
for  the  Program  Executive  Office  for  Undersea 
Warfare,  PEO  (USW),  and  included  a  COEA-like 
Oversight  Board  that  had  representatives  from 
PEO  Mine  Warfare  (MIW)  and  various  OPNAV 
offices  [4].  JHU/APLled  the  associated  analysis 
effort,  but  received  significant  support  from  other 
organizations  such  as  the  Naval  Surface  Warfare 
Center/Coastal  Systems  Station  (NSWC/CSS) 
and  the  Naval  Undersea  Warfare  Center  (NUWC). 

Table  5  depicts  the  scope  of  the  MCM 
system  alternatives  that  were  analyzed.  The 
options  included  various  onboard  sonar  systems 
for  real-time  mine  detection  and  avoidance, 
offboard  vehicles  and  helicopters  for  mine 
reconnaissance,  and  ship  signature  reduction 
techniques  to  reduce  the  likelihood  of  mine 
actuation. 

A.  Onboard  Sonars 

Current  SQS-53  "Kingfisher”  systems 
are  designed  to  detect  moored  mines  near  the 


surface  but  not  mines  near  or  on  the  bottom. 
Future  Kingfisher  upgrades  should  focus  on 
resolving  key  clutter  management  issues  (e.g., 
discriminating  better  between  actual  mines  and 
natural  clutter).  An  Advanced  Mine  Detection 
System  (AMDS)  "Chin  Array"  equivalent 
capability  (to  that  being  designed  for  the  NSSN 
program)  on  surface  ships  would  greatly  enhance 
mine  detection  capability,  particularly  against 
difficult  bottom  mines.  However,  ANTOS  could 
face  similar  clutter  issues.  Furthermore,  in 
shallow  water  locales  featuring  significant 
multipath  effects,  a  critical  issue  for  all  onboard 
sonar  alternatives  will  be  the  extent  that  target 
echo  returns  will  remain  coherent  (and 
exploitable).  If  multipath  is  not  exploitable  due 
to  environmental  conditions  (e.g.,  sea  state, 
bottom  type),  then  onboard  sonar  detection 
ranges  will  likely  be  too  limited  to  support 
timely  ship  avoidance  maneuvers  under  many 
shallow  water  operating  conditions. 
Nevertheless,  ship  onboard  sonars  provide  two 
potential  advantages  over  offboard  system 
solutions  -  they  offer  both  high  availability  and 
an  ability  to  support  modest  ship  speeds  of 
advance  (SOAs). 

Figure  3  depicts  the  difficulty  of 
conducting  real-time  mine  detection  and 
avoidance  operations  in  even  moderate  clutter 
environments  such  as  the  16  clutter  objects  per 
square  nautical  mile  case  shown.  The 
maneuvering  ship  would  only  have  a  partial, 
evolving  view  of  the  potential  mine  objects  and 
could  easily  find  itself  in  a  "cul-de-sac"  dilemma. 
In  a  situation  such  as  the  one  shown,  the  ship 
would  likely  do  much  maneuvering  against 
clutter  (e.g.,  non-mine  bottom  objects);  this 
could  actually  prove  counterproductive  to  safe 
transit  if  the  onboard  sonar  is  not  particularly 
capable  of  detecting  bottom  mines. 

B.  Ship  Signature  Reduction 

Similar  to  onboard  sonars,  ship 
signature  reduction  efforts  would  offer  high 
availability  and  would  be  compatible  with 
modest  ship  speeds  of  advance.  Unlike  most 
minehunting  systems,  however,  they  would  not 
be  degraded  by  high  sea  states.  For  surface 
combatants,  advanced  degaussing  systems  appear 
more  robust  than  advanced  acoustic  signature 
reduction  systems,  e.g.,  in  terms  of  providing 
safe  water  depths  for  which  a  ship  can  operate 
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against  bottom  mines  under  various  conditions. 
Advanced  systems  of  these  types  would  primarily 
be  applicable  to  new  construction  ships. 
However,  for  upgrades  to  existing  ships  even 
modest  signature  reduction  measures  could  prove 
cost-effective  (perhaps  not  robust  against  the  full 
threat  spectrum,  but  still  effective  against 
specific  mine  threats  of  interest  for  very  little 
investment  cost).  Ship  signature  reduction 
efforts  should  be  viewed  as  a  key  element  in  self¬ 
protection  against  mines  but  aie  unlikely  to 
prove  sufficient  for  future  surface  combatants. 
For  example,  they  are  not  applicable  to  highly 
prevalent  moored  contact  mines,  and  there  are 
practical  (affordability)  limits  on  ship  quieting 
effectiveness  against  modem  mines  either 
deployed  near  the  surface  or  placed  on  the  bottom 
in  shallow  water  environments. 

C.  Helicopter  Systems 

The  helicopter  systems  analyzed  were 
not  robust  for  the  mine  threats  and  environments 
examined.  Yet,  of  all  the  MCM  systems 
evaluated  they  were  potentially  the  most 
compatible  with  modest  to  high  ship  speeds  of 
advance.  They  also  provided  an  indq)endent 
opportunity  from  onboard  systems  and  were  not 
subject  to  the  same  time-criticality  for  effective 
ship  maneuvers  as  were  onboard  systems.  The 
helicopter  systems  were  not  sufficient,  however, 
because  either  they  covered  only  a  portion  of  the 
water  column  (laser  systems)  or  their 
performance  was  modest  at  best  against  various 
mine  types  (dipping  sonar  system).  The 
helicopter  sensors  would  also  face  similar  clutter 
issues  as  the  onboard  systems.  In  addition,  based 
on  potential  mission  conflicts  and  flight 
restrictions,  helicopter  availability  for  MCM 
operations  could  prove  situation  specific.  Both 
of  the  helicopter  upgrades  (dipping  sonar  and 
laser  related),  nevertheless,  ^pear  cost  effective, 
despite  their  lack  of  robustness.  The  ALPS 
upgrade  involves  a  software  adaptation  and 
appears  very  affordable.  The  airborne  laser 
system  involves  more  investment  but,  if 
properly  designed,  should  prove  to  be  a  cost- 
effective  solution  against  moored  contact  mines. 

D.  Offboard  Vehicles  (e.g.,  UUVs) 

Of  all  the  MCM  system  categories 
evaluated,  offboard  vehicles  equipped  with  search 
and/or  classification  sonars  proved  to  be  the  most 


robust  in  terms  of  covering  all  the  mine  types 
and  water  depths  of  interest.  Offboard  vehicles 
conducting  reconnaissance  well  in  advance  of  the 
ship  were  able  to  detect  a  high  percentage  of 
mines  by  adapting  the  recon  track  separation  to 
match  the  particular  sonar  performance  achievable 
in  a  given  environment.  However,  recon  efforts 
were  time-consuming,  particularly  if  employing 
limited  range  classification  sonars  or  search 
sonars  in  adverse  multipath  environments,  and 
thus  wCTe  incompatible  with  even  modest  ship 
speeds  of  advance.  For  the  foreseeable  future, 
offboard  vehicles  will  not  be  sufficient,  because 
they  are  likely  to  be  procured  in  relatively  small 
numbers,  i.e.,  not  every  surface  combatant  will 
have  one  for  its  own  self-protection.  Key  issues 
for  offboard  vehicles  include  emphasis  on  search 
versus  classification  sonars  (related  to  trade-offs 
between  high  area  coverage  rates  and  low  clutter 
levels/densities)  and  the  need  for  either  advanced 
pattern  recognition  techniques  or  ID  sensors 
(optical)  to  establish  the  presence  of  mines.  In 
terms  of  vehicle  trade-offs,  unmanned  undersea 
vehicles  (UUVs)  offer  low  signatures  and 
covertness  but  may  have  limited  endurance  and 
connectivity  to  the  ship.  Semi-submersibles 
(e.g.,  similar  to  the  Dolphin  vehicle)  offer 
pol^tial  for  increased  endurance  and  connectivity 
but  would  have  less  stealth/covertness  than 
UUVs  (possibly  making  them  more  vulnerable 
to  mines  or  other  enemy  counteractions  and  also 
less  compatible  with  operational  security  for 
some  missions). 

Figure  4  is  an  example  of  the  detected 
objects  during  a  mine  reconnaissance  mission 
conducted  by  a  UUV  employing  ahead  looking 
search  sonars.  It  illustrates  several  things.  First, 
much  information  is  possible  from  search  only 
operations  (without  the  benefit  of  classification 
sonars)  that  are  compatible  with  high  area 
coverage  rates.  Three  separate  minefields  are 
evident  amidst  the  apparent  clutter  objects;  this  is 
possible  because  these  are  dense  anti-invasion 
minefields  similar  to  those  laid  off  Kuwait  during 
Desert  Storm.  The  second  insight  is  that  a 
porous  line  of  rocket-propelled  mines  in  the 
upper  right  portion  of  the  same  figure  is  not 
obvious  even  to  a  studious  observer.  This 
reinforces  the  need  for  one  of  two  solution  paths. 
One  approach  would  be  to  select  one/few 
preliminary  transit/assault  lanes  and  to  revisit 
those  areas  with  a  UUV  employing  classification 
sonars  to  "declutter"  the  previously  detected 
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objects,  i.e.,  reject  the  objects  that  no  longer 
^pear  mine-like.  A  second  ^proach  is  to 
develop  sophisticated  "discriminants"  into  the 
ccHnputer-aided  detection  (CAD)  algorithms  to 
evaluate  and  categorize  the  objects  detected  by  the 
search  sonar.  If  the  multi-dimensional 
characterizations  of  several  mines  are  very  similar 
ani  they  form  an  unnatural  pattern  (such  as  a 
line),  then  it  would  be  easy  to  discriminate  those 
objects  from  the  random  clutter  objects  in  the 
background. 

E.  Summary 

From  the  FFCOMAR  study  results,  it 
was  ^parent  that  no  "single  silver  bullet"  could 
be  found;  in  fact,  the  study  results  validated  the 
need  for  a  complementary  blend  of  Organic 
MCM  systems  for  the  self-protection  of  future 
surface  combatants.  Otherwise,  mines  could 
prove  a  "show-stopper"  for  ships  attempting  to 
accomplish  critical  missions  early  in  a  conflict 
(prior  to  extensive  mine  clearance  operations  by 
Dedicated  MCM  forces).  The  Aegis  destroys 
assigned  to  a  Theater  Ballistic  Missile  Defense 
(TBMD)  patrol  outside  a  key  port  on  the  first  day 
of  a  Major  Regional  Contingency  (MRC)  must 
rely  on  its  own  MCM  capability  to  transit  safely 
to  and  operate  within  its  TBMD  patrol  area. 
Some  combination  of  onboard  sonars,  ship 
signature  reduction  and  control,  offboard  vehicles, 
and  helicopter  systems  will  be  needed  to  mitigate 
the  risk  from  mines.  The  predominant  MCM 
technique  will  depend  on  the  operational 
circumstances,  availability  of  offboard  vehicles, 
environmental  conditions  (sea  state,  bottom  type, 
water  depth),  and  mine  types  of  concern. 

III.  LMRS  COEA  INSIGHTS 

The  Long-Term  Mine  Reconnaissance 
System  (LMRS)  is  an  advanced  UUV  that  is 
deployed  from  submarines  and  capable  of 
conducting  clandestine  mine  reconnaissance.  A 
COEA  was  conducted  to  establish  the 
performance  and  cost  levels  that  were  feasible 
(within  the  bounds  of  potential  technologies)  and 
desirable,  i.e.,  both  good  enough  to  accomplish 
the  needed  missions  and  affordable  (within 
perceived  budget  constraints).  The  intent  of  the 
COEA  was  not  to  select  the  specific  technology 
solutions  because  that  will  be  determined  by 
industry  as  part  of  a  competitive  acquisition 


process.  The  COEA  was  intended  to  clarify  the 
types  of  missions/operational  situations  that  ate 
relevant  to  LMRS,  to  provide  the  basis  for 
selecting  from  among  various  UUV  alternatives 
(e.g.,  type  of  launch  and  recovery  method, 
autonomous  versus  tethered  operation),  to 
establish  performance  thresholds  and  objectives, 
and  to  identify  key  performance/cost/risk  issues 
for  LMRS  [5]. 

The  LMRS  COEA  was  led  by 
JHU/APL  with  significant  participation  by 
NSWC/CSS,  NUWC,  NSWC/Carderock 
Division  (CD),  and  the  Applied  Research 
Laboratory  of  the  University  of  Texas 
(ARL/UT).  The  Oversight  Board  was  co*chaiied 
by  the  Eteputy  Assistant  Secretary  of  the  Navy 
for  Mine  and  Undersea  Warfare  (DASN-M/UW) 
and  two  flag  officers  from  the  Submarine  Warfare 
and  Expeditionary  Warfare  divisions  in  the  Office 
of  the  Chief  of  Naval  Operations.  The  COEA 
resulted  in  an  Alternative  Decision  by  the  Co- 
Chairs  and  formed  the  basis  for  key  portions  of 
the  LMRS  Program  ORD  and  System 
Specifications.  Contracts  were  subsequently 
awarded  to  three  industry  teams  for  Fiscal  Year 
1997. 

A  Operational  Need  for  Clandestine  Mine 
Reconnaissance 

The  current  MIW  Plan  reinforces  the 
need  for  clandestine  mine  reconnaissance 
including  the  following  statement: 

"Mine  reconnaissance  is  the  Navy's 
highest  MIW  objective  as  well  as  the  top  UUV 
priority.  Knowledge  of  the  full  dimension  of  the 
mine  threat  without  exposing  the  reconnaissance 
platforms  and  the  intentions  of  the  tactical 
commander  is  vital  to  littoral  warfare  [3]." 

Table  6  summarizes  the  advantages  of 
clandestine  mine  reconnaissance  in  three  types  of 
operational  circumstances  -  amphibious  assaults, 
contested  choke  points  and  operating  areas,  and 
SSN  operations  in  forward  areas.  Figures  5 
through  7  provide  examples  of  these  operational 
settings  and  delineate  the  purpose  and  advantages 
of  the  clandestine  reconnaissance.  The 
advantages  include  in  all  cases  a  reduction  in  risk 
to  the  reconnaissance  assets  and  maintenance  of 
the  operational  security  needed  to  ensure  mission 
success  for  the  amphibious  force,  task  group,  or 
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SSN  being  supported  by  the  reconnaissance 
effort. 

Organic  clandestine  mine  reconnaissance 
represents  a  new  paradigm  compared  to  that 
associated  with  E>edicated  MCM  forces,  as 
indicated  in  Table  7.  Dedicated  MCM  forces  are 
typically  involved  in  relatively  long  duration, 
non-clandestine  operations,  i.e.,  sustained  surface 
MCM  use  in  minehunting/clearance  missions 
and  numerous  Air  MCM  sorties  for  similar 
missions.  The  associated  minehunting  activity 
emphasizes  simultaneous  search  and  classify 
operations  with  area  coverage  rates  (ACRs) 
generally  limited  by  classify  sonar  performance 
and  potential  use  of  identification  sensors  (e.g., 
cameras)  at  short  distances  from  classified 
objects.  This  current  paradigm  sacrifices  ACRs 
(rapid  reconnaissance)  for  improved  clutter 
management.  Conversely,  the  organic 
clandestine  mine  reconnaissance  paradigm 
potentially  sacrifices  clutter  management  fa- 
improved  ACRs  (rapid  reconnaissance)  by  more 
reliance  on  search  sonars  than  on  classify  sonars. 

B.  Key  COEA  Areas  of  Investigation 

As  indicated  in  Table  8,  the  following 
primary  investigation  areas  (alternatives)  were 
evaluated  as  part  of  the  COEA.  These  areas 
directly  influenced  key  measures  of 
effectiveness/performance  (MOEs/MOPs)  as  well 
as  the  associated  cost  analysis: 

1.  Sensor  Potions  -  A  variety  of  search  and 
classification  sonars  (both  forward/ahead-looking 
and  side-looking)  were  analyzed.  These  sonars 
included  commercial-off-the-shelf  (COTS) 
systems,  military  systems  currently  under 
development,  existing  6.2  research  and 
development  (R&D)  programs,  and  potential  new 
developmental  systems  with  R&D  legacies. 
These  sonars  were  evaluated  in  selected 
combinations  (sensor  suite  alternatives)  to 
represent  various  levels  of  operational 
performance,  cost,  and  impact  on  vehicle 
design/endurance. 

2.  Energy  System  Options  -  More  than  two 
dozen  energy  source  technologies  were  considered 
in  the  COEA  as  shown  in  Table  9.  The 
technology  categories  included  secondary 
(rechargeable)  batteries,  primary  (non- 


rechargeable)  batteries,  semi-cell  concepts,  fuel 
cell  concepts,  and  advanced  thermal  and  hybrid 
systems.  From  this  extensive  list  of  candidates, 
representative  energy  source  technologies  were 
carried  forward  in  the  COEA  based  on 
performance  (e.g.,  achievable  energy  densities), 
development  risk,  safe  use  on  SSN,  affordability, 
and  weight/volume  allocations  for  energy 
systems  on  particular  UUV  designs. 

3.  Vehicle  Storage/Launch  and  Recovery  (L&R) 
Concents  (and  Associated  UUV  Dimensions)  - 
Three  generic  vehicle  storage/L&R  concepts  were 
evaluated  in  the  COEA  that  would  be  ^propriate 
for  consideration  on  SSN-688/688I  and  NSSN 
platforms  (the  two  types  of  host  platforms 
targeted  by  the  LMRS  Program).  The  first 
concept  was  torpedo  tube  L&R;  this  limited 
UUV  dimensions  to  21-inch  diameter  and  240- 
inch  length.  The  second  concept  was 
storage/L&R  in  a  Dry  Deck  Shelter  (DDS). 
Based  on  existing  DDS  dimensions  and  the  need 
for  at  least  minimal  access  to  the  DDS  for 
maintenance,  this  limited  the  length  of  the  UUV 
to  254  inches  with  potential  vehicle  diameters  of 
36  inches  (for  two  UUVs  per  DDS)  and  54 
inches  (for  one  UUV  per  DDS).  The  third 
concept  was  "wet-docking"  the  UUV  outside  the 
SSN  hull,  a  technique  used  for  Navy  deq) 
submersibles  and  the  planned  Advanced  Swimmer 
Delivery  System  (ASDS).  Nominal  sizes  for 
wet-dock  UUVs  considered  in  the  COEA  were  36 
by  307  inches  (for  two  UUV  systems)  and  54  by 
540  inches  (for  single  UUV  systems). 

4.  Tethered/Untethered  Options  -  Tethered 
(semiautonomous)  vehicle  concepts  employed  an 
expendable  fiber-optic  micro-cable  (FOMC), 
similar  to  that  used  in  the  Near-Term  Mine 
Reconnaissance  System  (NMRS)  Program,  to 
communicate  raw  unprocessed  reconnaissance 
data  from  the  UUV  to  the  SSN.  Tethered  mode 
also  allowed  "supervisory  control"  of  vehicle 
operations  from  the  host  SSN.  In  contrast, 
untethered  (autonomous)  vehicle  concepts 
precluded  real-time  supervisory  control  and  real¬ 
time  access  to  the  UUV's  mine  reconnaissance 
data.  For  autonomous  operations,  processed 
reconnaissance  data  are  stored  aboard  the  UUV  for 
post-processing  on  the  host  SSN;  the  data  could 
also  be  transmitted  to  the  SSN  at  periodic 
intervals  (e.g.,  by  radio  frequency  [RF]  and/o* 
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acoustic  means)  during  the  conduct  of  the 
reconnaissance  mission. 

In  addition,  several  secondary 
investigation  areas  (alternatives)  were  evaluated 
in  the  COEA.  These  secondary  areas  related  to 
specific  design  issues  or  UUV  features  for  which 
the  COEA  could  provide  insights.  In  general, 
trade-offs  in  these  areas  were  analyzed  both 
qualitatively  and  quantitatively,  but  in  the  latter 
case,  not  as  part  of  the  mainstream  analysis 
(highest  level  MOEs).  These  specific  design 
issues/features  included  UUV  depth  capabilities 
(maximum  vehicle  depth  and  minimum  water 
depth  that  the  UUV  will  conduct  reconnaissance), 
maximum  vehicle  speed,  maximum  allowable 
signature  levels  (to  maintain  operational  stealth 
and  avoid  detonating  mines),  navigation 
capabilities,  and  intermittent  communication 
capabilities  (needed  for  untethered  vehicles). 

In  all,  more  than  150  UUV  architecture 
alternatives  were  analyzed  in  the  COEA.  A 
specific  UUV  architecture  was  primarily 
determined  by  its  sonar  suite,  energy  system, 
tethered  or  untethered  operation,  and  the  particular 
vehicle  storage/L&R  method  (which  influenced 
vehicle  dimensions,  maintenance  options,  and 
other  parameters).  All  of  these  architecture 
designs  reflected  a  nominal  titanium  hull  material 
(to  achieve  a  specified  vehicle  maximum  depth), 
a  nominal  navigation  suite  including  Global 
Positioning  System  (GPS)  antenna,  a  nominal 
vehicle  acoustic  signature  (comparable  to 
NMRS),  and  a  nominal  communications  suite 
(either  FOMC  for  tethered  options  or  a  small  RF 
antenna  for  autonomous  vehicles).  Weight  and 
space  were  also  reserved  to  allow  for  a  potential 
future  identification  (ID)  sensor  upgrade  to  the 
vehicle,  although  design  trades  for  ID  were  not 
specifically  analyzed  in  the  COEA  due  to  higher 
priorities.  All  UUV  architectures  were  subjected 
to  first  ordor  design  evaluations  to  establish  that 
they  were  feasible  in  terms  of 
weight/volume/power  allocations  and  with 
respect  to  maintaining  a  neutrally  buoyant 
vehicle. 

C.  Key  COEA  Findings/Conclusions  and 
Associated  Technical  Issues 

As  indicated  in  Figure  8,  the  21-inch 
torpedo  tube  launch  and  recovery  alternative  was 


ultimately  selected  by  the  Oversight  Board  Co- 
Chairs  based  on  the  COEA  investigations.  It 
was  the  preferred  alternative  because  it  represented 
lower  cost  for  "good  enough"  performance, 
provided  the  most  flexibility  in  terms  of  host 
SSNs,  and  had  less  mission  reliability  concerns 
than  for  DDS  or  wet-dock  options,  e.g.,  involved 
less  risk  and  associated  cost  due  to  the 
maintenance/replenishment  advantages  in  a 
torpedo  room  environment.  It  was  also 
determined  that  the  21-inch  torpedo  tube  launched 
UUV  must  be  autonomous  (untethered)  due  to 
the  competition  for  available  weight/volume. 
FOMC  tether  would  cut  too  much  into  the 
payload  allocation  for  energy  and  would 
significantly  nullify  the  single  sortie  reach 
otherwise  achievable  with  advanced  energy 
sources.  Single  sortie  reach  for  the  UUV  of  75- 
120  nautical  miles  was  key  to  performing  the 
needed  two-way  reconnaissance  probes  for  more 
stressing  scenarios  without  having  to  put  the 
SSN  in  shallow,  potentially  mined  areas,  i.e., 
providing  desired  stand-off  distances  for  the  host 
SSN.  The  required  total  area  coverage  (4(X)-650 
square  nautical  miles  per  mission,  including  aU 
UUV  sorties)  and  area  coverage  rate  (35-50  square 
nautical  miles  per  day)  capabilities  shown  in 
Figure  8  were  derived  directly  from  the  COEA 
and  have  been  incorporated  into  the  LMRS  ORD. 

The  following  detailed  findings  and 
conclusions  were  drawn  from  the  COEA 
investigations  with  the  corresponding  technical 
issues  or  engineering  challenges  apparent: 

1*  Sensors:  Advanced  forward-looking  search 
sonars  featuring  wide  fields  of  view,  appropriate 
pulse  selections,  and  narrow  receive  beams,  are 
the  jMeferred  UUV  sensor  to  achieve  high  search 
rates  (>  35  square  nautical  miles  per  day  for  the 
conditions  examined),  obstacle  avoidance  for  the 
vehicle,  mine  avoidance  to  enhance  UUV 
survivability  in  minefields,  and  good  ability  to 
select  mine-free  lanes.  In  the  latter  case,  a  0.5- 
0.9  probability  of  finding  mine-free  lanes  based 
on  search  only  operations  occurred,  with  success 
varying  according  to  the  exact  conditions,  i.e., 
clutter  levels,  type  of  acoustic  environment, 
required  lane  width,  mine  types/densities,  and 
minefield  geometries  (Figure  9  indicates  the 
variety  of  geometries  examined).  These  results 
should  be  viewed  as  conservative  since  no  real 
pattern  recognition  methods  were  employed  in 
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the  analysis  beyond  simple  cluster/density 
recognition. 

Using  classify  sonars  to  declutter  search 
sonar  contacts  demonstrated  potential  payoff  in 
each  of  the  scenarios  evaluated,  i.e.,  resulting  in 
a  5-60%  inaease  in  finding  mine-free  lanes 
depending  on  the  particular  conditions  and  time 
allowed  for  decluttering.  Only  selective 
(judicious)  employment  of  classify  sonars  is 
desired  in  order  to  maintain  high  overall  search 
rates.  The  combination  of  target  "highlights” 
and  "shadow"  was  generally  needed  for  reliable 
classification  of  bottom  or  near-bottom  mines. 

From  the  COEA  investigations,  the 
following  sensor  related  technical  issues  or 
engineering  challenges  were  evident: 

a.  Maintaining  significant  search 
swaths  even  for  adverse  environments  including 
high  reverberation  and/or  multipath  conditions. 

b.  Achieving  moderate  search  speeds 
(up  to  7-10  knots)  without  significant 
degradation  from  self/flow  noise. 

c.  Achieving  adequate  search  sonar 
resolution/computer  aided  detection  (CAD) 
"discriminants"  to  adequately  manage  the  clutter 
(without  supervisory  control). 

d.  Designing  enough  "intelligence"  into 
an  autonomous  (untethered)  vehicle  to  reliably 
and  efficiently  relocate  previous  detected  objects, 

i.e.,  for  the  purpose  of  classifying  those  objects. 

e.  Developing  reliable  computer  aided 
classification  (CAC)  algorithms  for  autonomous 
vehicles. 

f .  Developing  advanced  tactical  decision 
aids  (TDAs)  to  optimize  the  selection  of  transit 
lanes  (routes)  or  operating  areas  based  on  mine 
reconnaissance  information. 

g.  Designing  low  probability  of 
exploitation  (LPE)  features  into  the  UUV  sonars 
to  limit  their  counterdetectability  at  tactically 
significant  ranges. 

h.  Reducing  the  weight/volume/power 
impact  for  the  sensor  suite  in  order  not  to 


adversely  affect  UUV  endurance,  e.g.,  single 
sortie  reach  goals. 

2.  Energy  Systems:  High  density  energy 
systems  (>  4  times  the  energy  density  of  zinc- 
silver  oxide  secondary  batteries)  are  required  to 
achieve  the  single  sortie  reach  goals  for  a  UUV 
launched  from  a  torpedo  tube.  The  ability  to 
replenish  energy  sections  is  key  to  achieving 
total  area  coverage  goals  in  the  most  cost- 
effective  fashion,  i.e.,  represents  a  cheapo* 
approach  than  buying  more  than  the  nominal  two 
UUVs  per  system.  From  the  COEA 
investigations,  the  following  energy  system 
related  technical  issues  or  engineering  challenges 
were  evident: 

a.  Achieving  required  energy  densities 
within  the  confines  of  a  21 -inch  torpedo  tube 
launched  vehicle, 

b.  Certifying  a  specific  energy  source 
technology  for  safe  use  on  submarines  during 
both  L&R  operations  and  regular  storage/ 
maintenance/energy  replenishment  periods. 

c.  Developing  a  method  for  energy 
replenishment  without  the  need  to  significantly 
tear  down  the  vehicle,  e.g.,  by  "swapping  out" 
energy  sections. 

3.  Vehicle  Survivability  in  Minefields:  UUV 
signatures  (e.g.,  acoustic,  magnetic)  th?t  are 
consistent  with  <  20-yard  safe  keep-out  ranges 
from  mines  appear  sufficient  to  enhance  UUV 
mine  avoidance  and  to  ensure  high  UUV 
survivability  after  numerous  mine  encounters.  In 
other  words,  the  vehicle  needs  to  be  able  to 
approach  within  20  yards  of  an  actual  mine 
without  detonating  it.  The  associated  technical 
issues  or  engineering  challenges  are: 

a.  Reducing  the  acoustic  signature  for 
the  selected  energy  system/propulsion 
technologies. 

b.  Reducing  the  electromagnetic 
signature  from  the  hull  material  and  propulsion 
system. 

c.  Developing  reliable  mechanisms  to 
ensure  timely  in-situ  vehicle  maneuvers  with 
respect  to  detected  objects,  based  on  ahead-look 


7-22 


search  sonar  contacts  and  effective  tactical  control 
of  the  vehicle. 

4.  Navigation  and  Communications:  The 
principal  COEA  finding  related  to  navigation  was 
that  for  long  endurance  missions  (e.g.,  1-2  days), 
occasional  GPS  updates  are  needed  to  not  degrade 
below  required  locating  accuracies  consistent  with 
efficiently  relocating  previously  detected  objects 
(e.g.,  from  earlier  sorties).  With  regard  to 
communications,  lack  of  real-time  ("raw")  data 
and  supervisory  control  without  FOMC  tether 
appears  acceptable  for  the  tactical  situations 
evaluated.  However,  use  of  intermittent  RF 
and/or  acoustic  communications  between  the  host 
SSN  and  the  vehicle  appears  desirable  for 
providing  vehicle  status  reports,  CAD  "calls'*, 
and  possibly  "snippets"  of  CAC  data.  The 
associated  technical  issues  or  engineering 
challenges  are: 

a.  Achieving  reliable  GPS  updates  even 
in  moderate  sea  states. 

b.  Achieving  reliable  communications 
with  the  host  SSN  at  significant  separation 
distances  (comparable  to  vehicle  single  sortie 
reach). 

c.  Developing  LPE  features  into  the 
communications  suite  that  are  consistent  with 
the  clandestine  nature  of  the  mine  reconnaissance 
operation. 

5.  Vehicle  Reliability:  To  achieve  high  mission 
reliability  for  long  endurance  autonomous 
operations  (1-2  days),  nearly  an  ordo*  of 
magnitude  reduction  in  vehicle  failure  rates  will 
be  needed  in  comparison  to  other  ofidx)aid 
vehicles  such  as  NMRS  or  the  MK  30  Mod  2 
ASW  target.  For  21-inch  torpedo  launched 
vehicles,  this  appears  to  be  both  feasible  and 
affordable  but  there  are  still  the  following 
issues/challenges: 

a.  Finding  the  best  combination  of 
fault  tolerant/redundant/high  quality  components 
that  reduces  failure  rates  without  adversely 
impacting  vehicle  payload. 

b.  Developing  effective  maintenance 
procedures  in  the  torpedo  room  (including  fa- 
energy  replenishment)  to  allow  achieving  high 


mission  reliability  over  multiple  sorties  of  the 
same  vehicle. 

c.  Developing  reliable  techniques  fa- 
UUV  recovery  onboard  the  SSN. 

6.  Overall  Risk/Cost  Drivers:  Vehicle 

reliability,  sonar  suite  development  and  design 
(including  CAD/CAC  softwareX  and  introduction 
of  safe,  high  density,  replenishable  (onboard  the 
SSN)  energy  systems  are  the  three  primary  areas 
likely  to  influence  overall  program  risk  and  cost. 
These  areas  warrant  continued  investigation  fa- 
risk  and  cost  reduction. 

IV.  SUMMARY  OF  PERVASIVE 
TECHNICAL  ISSUES  RELATED  TO 
ORGANIC  MCM 

From  a  review  of  the  studies 
summarized  in  Table  4  including  the  two  studies 
that  were  highlighted  in  this  paper,  a  number  of 
technical  issues  appear  to  be  pervasive  or  at  least 
common  to  several  programs.  Table  10  provides 
a  reminder  of  current  organic  MCM  approaches 
that  are  ^plicable  to  U.S.  Navy  warships.  For 
surface  combatants,  a  primary  difference  between 
existing  ships  and  new  construction  ships  is  that 
in  the  case  of  the  latter,  it  is  doubtful  that  a 
"Kingfisher"  type  onboard  sonar  would  be 
seriously  considered.  It  is  useful  as  a  stopgap 
measure  for  existing  ships,  but  not  sufficiently 
capable  to  justify  inclusion  in  a  new  construction 
ship.  Another  difference  between  the  two 
categories  of  ships  is  in  the  area  of  signature 
reduction  and  control  (not  explicitly  shown  in  the 
table).  For  existing  ships,  only  modest 
reductions  in  acoustic  and/or  magnetic  signatures 
are  likely  to  prove  affordable;  whereas, 
significant  reduction  efforts  (e.g.,  advanced 
degaussing  systems)  could  prove  affordable  if 
designed  into  a  new  ship  class.  Both  existing 
ships  (with  enough  service  life  remaining  to 
warrant)  and  new  construction  ships  could  have 
helicopters  with  acoustic  (modifications  to  the 
dipping  sonar)  and/or  non-acoustic  (laser 
systems)  upgrades;  and  both  ship  categories  could 
also  be  updated  to  handle  offboard  vehicles  such 
as  RMS. 

For  SSNs,  similar  constraints  would  be 
evident  in  terms  of  platform  signature  reduction 
and  control  with  acoustics  quieting  likely  to  be 
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driven  by  other  considerations  related  to 
antisubmarine  warfare  (not  necessarily  by 
MCM).  The  large  sail  array  being  developed  as 
part  of  the  High  Frequency  Sonar  Program 
(HFSP)  would  be  ^plicable  to  existing 
submarines  with  adequate  remaining  service  life 
and  to  new  submarines  such  as  the  NSSN  class. 
AMDS,  based  on  the  results  of  various  COEAs, 
zq)pears  to  be  primarily  applicable  to  new 
construction  SSNs.  LMRS  is  being  designed 
with  both  existing  SSN-688/688I  and  the  NSSN 
classes  in  mind  (including  possibly  different 
L&R  methods  for  the  two  classes).  NMRS  is 
not  shown  because  it  is  a  one  of  a  kind 
operational  prototype,  i.e.,  largely  a  stopgap 
system  prior  to  introduction  of  LMRS  into  the 
fleet. 

For  both  surface  combatants  and  SSNs, 
the  number  of  offboard  systems  (RMS,  LMRS) 
that  will  ultimately  be  procured  and  how  many 
ships  are  likely  to  get  onboard  sonar  upgrades  are 
primarily  affordability  issues.  The  key  technical 
issues  common  to  various  onboard  sonar 
programs  and/or  offboard  vehicles  are  as  follows: 

1.  Development  of  reliable  computer 
aided  detection  algorithms  for  search  sonars  to 
enhance  clutter  discrimination  (to  avoid  a  sea  full 
of  clutter  objects  and  a  potential  grid-lock 
situation)  is  perhaps  the  most  pervasive  issue  as 
is  apparent  by  examining  the  Organic  MCM 
programs  shown  in  Table  11.  Many 
organizations  are  working  the  CAD  issue 
(mostly  involving  operator  supervision);  LMRS 
is  working  the  same  problem  for  an  autonomous 
vehicle,  i.e.,  making  correct  CAD  calls  and 
managing  the  clutter.  The  key  will  be  the  ability 
to  generally  discriminate  "man-made"  from 
"natural"  objects  that  are  detected  using  advanced 
signal  processing  techniques  to  reject  most  rock 
outcroppings  but  not  to  reject  mine  cases  or 
anchors  or  even  55-gallon  drums. 

2.  Similarly,  the  development  of 
computer  aided  classification  (CAC)  and 
computer  aided  identification  (CAI)  algorithms 
will  also  be  key  to  certain  offboard  vehicle 
systems  that  are  emphasizing  these  functions, 
e.g.,  the  RMS  program.  Once  again,  fcM* 
autonomous  vehicles  such  as  LMRS  without 
supervisory  control,  it  is  even  more  challenging 
to  ensure  that  the  vehicle  makes  the  necessary 
maneuvers  and  gathers  the  right  snippets  of 


information  to  optimize  the  probability  of  correct 
classification  (determination  of  whether  the 
object  is  mine-like  or  not). 

3.  Another  pervasive  issue  for  search 
sonars  is  their  ability  to  exploit  multipath,  i.e., 
after  how  many  boundary  interactions  is  the 
target  echo  return  no  longer  coherent?  This  is  a 
potential  "show-stopper"  for  sonars  onboard 
surface  ships  in  shallow  water  (e.g.,  50-100'  of 
water).  The  detection  ranges  that  can  be  achieved 
may  not  be  adequate  to  allow  for  timely  ship 
avoidance  maneuvers  designed  to  prevent  the  ship 
from  getting  too  close  to  influence  mines.  For 
offboard  vehicles  it  could  be  more  of  a  "show- 
slower"  by  effectively  reducing  area  coverage 
rates. 

4.  A  final  set  of  issues  relates 
exclusively  to  offboard  vehicles.  These  include 
high  mission  reliability  for  long  endurance 
reconnaissance  operations,  precise  navigation  to 
support  follow-up  classification/identification/ 
neutralization  operations,  safe  and  high  density 
energy  sources  (particularly  for  UUVs),  and 
signature  reduction/control  to  enhance  vehicle 
survivability  during  mine  reconnaissance 
missions.  The  signature  reduction/control  issue 
has  already  been  discussed  for  UUVs  operating 
near  the  bottom,  but  it  may  be  even  more  acute 
for  semi-submersibles,  e.g.,  relying  on  diesel 
engines  compared  to  battery  or  semi-cell/fuel  cell 
systems  on  UUVs.  This  is  particularly  true  if 
the  semi-submersible  is  in  relatively  shallow 
water  (e.g.,  40-80'  of  water)  and  thus  potentially 
vulnerable  to  mines  throughout  the  water  column 
(not  just  mines  near  the  surface). 

As  a  final  note,  it  is  interesting  to 
speculate  on  where  the  next  "leap-ahead" 
technologies  are  likely  to  come  related  to  Organic 
MCM  forces.  SSN  programs  related  to  both 
onboard  sonars  (LSA,  AMDS)  and  offboard 
vehicles  (NMRS,  LMRS)  are  under  development 
and  will  be  reaching  full  maturity  during  the  next 
decade.  Surface  combatant  and  helicopter 
programs  are  embryonic  by  comparison  with  the 
notable  exception  of  RMS  which  is  relatively 
well  funded.  Onboard  sonar  upgrades  beyond 
Kingfisher  and  helicopter  upgrades  (acoustic, 
laser)  are  mostly  unfunded  at  this  time.  This 
may  change  after  completion  of  the  SC-21 
COEA,  which  could  give  impetus  to  surface/helo 
MCM  initiatives.  Thus,  surface  combatants  and 
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the  helicopters  deployed  from  them  represent  a 
largely  unharvested  area  in  Organic  MCM  with 
much  room  for  technology  advances  -  in  terms  of 
signature  reduction  (e.g.,  advanced  degaussing 
systems),  advanced  onboard  sonars  with 
sophisticated  CAD  techniques,  advanced  sensor 
packages  and  signature  reduction  techniques  for 
offboard  vehicles,  and  various  helicopter  related 
initiatives  (e.g.,  for  the  SH-60R)  ranging  flx)m 
multi-spectral  sensor  suites  to  airborne  mine 
neutralization  devices.  Organic  MCM  spears  to 
be  a  growth  industry  and  the  extent  of  growth 
will  be  constrained  by  two  primary  factors: 
funding  priorities  and  technology.  We  cannot 
control  the  former,  but  we  need  to  keep  working 
on  the  latter  to  ensure  that  no  technology 
breakthroughs  are  overlooked  when  it  comes  to 
countering  mines  in  future  littoral  enviromnents. 
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-  AMNS  EXPENDABLE  MINE  NEUTRALIZATION  OBSTACLES  (W/ARMY) 

DEVICE  (AIR) 

-  VARIOUS  EXPLOSIVE  ORDNANCE  DISPOSAL  (EOD) 

SOURCE:  APPENDIX  C  OF  APRIL  1996  MIW  PLAN  9603676A.uw 
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NON-REAL  TIME  RECON  DATA 
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REPRESENTS  MUCH  POTENTIAL  MANEUVERING  AGAINST  CLUTTER, 

E.G.,  NON-MINE  BOTTOM  OBJECTS  -  COUNTERPRODUCTIVE  IF  ONBOARD  SONAR 

NOT  CAPABLE  AGAINST  ACTUAL  BOTTOM  MINES 


ILLUSTRATION  OF  DETECTED  OBJECTS 
DURING  RECON  MISSION 
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9600464.uk 

Figure  4 
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WITHOUT  FOLLOWING  DISADVANTAGES: 

-  ALERTING  COASTAL  DEFENSES  TO  TIMING/LOCATION  OF  ASSAULT 

-  EXPOSING  MINE  RECON  ASSETS  TO  COUNTERATTACKS 
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PROVIDING  ADVERSARY  WITH  CUES  ON  TRANSIT  TIMING/ROUTES  OR 
INTENDED  BG  OPAREA 

EXPOSING  MINE  RECON  ASSETS  TO  ADVERSARY  COASTAL  DEFENSES 
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WITHOUT  FOLLOWING  DISADVANTAGES: 

-  ALERTING  COASTAL  DEFENSES  TO  SSN  PRESENCE/LOCATION 

(WITH  POTENTIAL  ADVERSARY  COUNTERATTACKS) 

-  COMPROMISING  SSN  OPERATIONAL  SECURITY  &  MISSION  ACCOMPLISHMENT 
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Planning...  to  Achieve  IVlission  Objectives  Within  Desired  Tiihelines." 

CNO  (ADM  j.M.  Boorda)* 

*  From  1995  White  Paper  "MCM  -  An  Integral  Part  of  Our  Strategy  and  Our  Forces" 
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(2)  Sonar  Suites  Associated  with  Each  of  These  Options 


ILLUSTRATION  OF 
VARYING  MINEFIELD  GEOMETRIES 
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ix  of  Dense  &  Porous 
linefields 
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CAD/CAC/CAI  DEVELOPMENT 
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ALL  HULL-MOUNTED  MINE  DETECTION/AVOIDANCE  SONARS  &  OFFBOARD  VEHICLE  MINEHUNTING 
{MINE  RECONNAISSANCE)  SONARS  RELY  ON  COMPUTER  AIDED  DETECTION  (CAD)  TECHNOLOGIES 
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Identification  of  Underwater  Mines  via  Surface  Acoustic  Signature 


Dale  A.  Lawrence,  Renjeng  Su,  and  Noureddine  Kermiche 
Center  for  Space  Construction 
University  of  Colorado 
Boulder  CO  80309-0529 


Abstract 

We  present  in  this  paper  some  of  our  preliminary 
experimental  results  of  a  sensor  concept  for  underwater  mine 
identification.  Our  motivation  is  to  find  new  kinds  of  sensors 
to  complement  the  existing  sensor  capability,  which  is  quite 
limited  indeed,  for  mine  identification.  The  idea  is  to  use  the 
surface  acoustics  of  the  objects  as  a  signature  to  distinguish 
mines  from  other  mine-like  objects.  A  piezo-electric 
transmitter  and  receiver  pair  is  used  in  our  design.  Through 
the  transmitter  a  train  of  pulses  is  launched.  The  received 
signals  give  unambiguous  signatures  which  distinguish 
different  material  objects. 

L  Introduction 

Today  the  task  of  underwater  mine  hunting  involves  a 
process  of  distinguishing  mines  from  mine-like  objects.  Mine 
identification  is  typically  done  by  explosive  ordinance  divers 
(EOD)  or  remotely  operated  vehicles  (ROV)  at  a  close 
distance.  Divers  typically  use  hand-held  sonar.  Sonar  is  also 
the  primary  sensor  for  ROV  s.  Using  sonar  images  to  identify 
real  mines  can  be  very  unreliable  and  much  depends  on 
human  experience  and  interpretation.  There  are  other  types  of 
sensors  being  explored  to  provide  additional  signals  for  the 
purpose  of  underwater  mine  identification  [Ref  4].  Notably 
there  are  laser  scanners  and  magnetic  gradiometers  currently 
under  development.  It  may  very  well  be  the  case  that  future 
mine  hunting  will  involve  signals  from  a  suite  of  sensors.  And 
there  are  likely  to  be  situations  where  the  cost  of  operations 
do  not  allow  the  use  of  sophisticated  sensors  like  laser 
scanning  systems  or  gradiometers.  Other  low-cost  sensors 
which  are  easy  to  operate  need  be  further  explored  in  order  to 
further  improve  the  sensing  capability  for  mine  identification. 
Motivated  by  this  problem  we  have  begun  to  explore  the 
potential  use  of  the  surface  acoustics  signals  of  mine-like 
objects  to  pick  out  mines.  This  sensor  concept  is  inspired  by 
surface  acoustic  sensor  work  previously  reported.  For 
example,  Mills,  et.  al.  experimented  with  the  idea  of  using 
the  surface  acoustics  to  distinguish  wood  species  [Ref.l]. 

II.  Two  Experimental  Concepts 

We  experimented  with  two  different  sensor  concepts  in  our 
laboratory  to  measure  surface  acoustic  signals  of  objects.  The 
first  utilized  a  simple  metal  stylus  instrumented  with  a  force 
sensor.  The  intent  here  was  to  excite  the  natural  bulk  vibration 
modes  of  the  object,  and  measure  the  surface  vibration  with 


Fig.  1.  Basic  configuration  and  instrumentation  for 
impact  force  measurements. 


the  force  sensor.  (See  Figure  1.)  The  stylus  was  placed  firmly 
against  the  surface  of  various  small  objects  in  a  water  tank. 
The  stylus  was  gently  "tapped"  to  elicit  the  characteristic 
structural  vibrations.  These  vibrations  are  measured  by  the 
force  sensor  and  these  waveforms  are  then  classified  to 
determine  the  type  of  object.  This  design  is  similar  to  the  one 
used  in  Ref.  1,  which  can  identify  specific  types  of  wood 
species  within  a  narrow  class.  A  similar  approach  is  described 
in  Reference  2  to  identify  structural  cracks  in  underwater 
structures  of  oil  platforms.  On  the  other  hand,  the  mine 
identification  problem  seems  closely  related  to  work  in  Stress 
Wave  Factors  (Ref.  3),  which  seeks  to  measure  bulk 
properties  of  structural  members.  With  this  inspiration  we 
devised  a  second  concept  using  an  acoustic  sensor  as  shown 
in  Fig. 2.  An  ultrasonic  transducer  launches  a  train  of  acoustic 
pulses  into  the  material,  and  a  second  transducer  measures  the 
resulting  reflected  waves.  This  approach  attempts  to  measure 
the  bulk  acoustic  attenuation/  dispersion/  reflection 
characteristics  of  the  objects.  Characteristic  surface  acoustic 
signatures  of  various  mines  could  be  classified  and 
comparewith  the  measured  signature  of  unknown  objects  of 
interest  to  differentiate  man-made  from  natural  origins  with 
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high  probability.  It  is  also  likely  that  specific  types  of  mines 
could  be  identified  with  this  surface  acoustic  data,  possibly 
using  neural  network  and/or  wavelet  identification  schemes. 
The  main  questions  to  ask  in  this  investigation  are:  Can  these 
sensors  provide  useful  signatures  to  distinguish  different 
materials?  How  would  other  physical  properties  of  the  objects 
like  size  and  shape  alter  the  signatures?  Are  the  signals  useful 
for  identifying  particular  mine  types? 

III.  Experimental  Results 

Surface  acoustic  signatures  of  objects  may  be  affected  by 
a  large  number  of  possible  mechanical  properties  and 
morphological  conditions.  (See  Ref.  3)  Determining  the 
identity  of  a  particular  material  involves  extraction  of  unique 
features  in  the  measured  sensor  data.  The  feature  extraction 
and  classification  can  be  achieved  using  various  methods  that 
range  from  classical  clustering  to  artificial  neural  networks. 
In  our  experiment,  we  used  objects  of  three  types  of  materials: 
aluminum,  plastic  and  concrete.  The  impact  force  and  the 
acoustic  transmission  results  are  discussed  separately  bellow. 


Fig.2.  Basic  probe  configuration  and  instrumentation  for 
ultrasonic  material  identification.  A  digitizing 
oscilloscope  is  used  to  feed  time  domain  signals  to  the 
computer  for  analysis  and  evaluation  of  ultrasonic 
signatures. 

IILl.  Impact  Force  Sensing  Results 

Figures  3  to  8  show  how  the  material  composition  of 
similarly  sized  and  shaped  objects  can  produce  distinct  surface 
force  signatures.  For  example,  note  the  difference  in  response 
oscillation  frequency  and  decay  time  between  the  concrete  and 
plastic  materials  (Figures  5  and  7).  Figures  3  and  4  show  how 
two  similar  materials  (both  metal)  can  produce  quite  different 
surface  signatures  which  are  characteristic  of  the  size  and 
shape  of  the  object.  On  the  other  hand,  the  signatures 
produced  by  the  metal  '  samples  have  higher  dominant 
frequencies  than  the  concrete  blocks.  Plastic  samples  produced 


the  lowest  dominant  frequency. 

IIL2.  Ultrasonic  Sensing  Results 

Surface  acoustic  signatures  obtained  from  the  ultrasonic 
sensor  are  shown  in  Figures  9  to  14.  The  time  domain  data 
are  difficult  to  distinguish,  but  differences  between  object 
species  are  more  clearly  evident  in  the  power  spectral 
densities.  In  particular,  the  plastic  objects  absorb  low 
frequencies  (Figures  11  and  12).  Concrete  blocks  absorb  well 
at  high  frequencies  (Figures  13  and  14).  Metal  objects  show 
strong  resonance  (Figures  9  and  10).  With  a  simple  Euclidean 
distance  measure  either  in  the  time  or  frequency  domains 
objects  of  like  materials  can  be  easily  paired.  For  example,  the 
spectral  interdistance  matrix  shows  that  the  "closest"  material 
to  the  metal  1  is  metlal2.  The  same  conclusion  can  be  drawn 
for  the  plastic  and  rock  species.  The  time  domain  matrix  gives 
similar  results.  It  is  important  to  notice  that  such  pairing 
seems  to  be  quite  robust  even  though  objects  of  like  materials 
differ  significantly  differ  in  size  and  shape. 
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IV.  Conclusion 

Our  initial  laboratory  results  with  the  surface  acoustic 
signature  were  very  encouraging.  This  sensing  approach  is 
clearly  sensitive  enough  to  produce  distinct  signatures  of 
different  object  materials.  In  the  case  of  force  transducers  we 
observed  the  signature  variability  due  to  the  size  and  shapes. 
These  data  provide  a  strong  evidence  that  mine  identification 
sensors  based  on  surface  acoustics  may  be  quite  feasible.  We 
are  currently  involved  in  testing  the  ultrasonic  sensors  on 
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objects  with  composite  materials  as  a  step  closer  to  real 
mines.  We  are  also  investigating  the  question  of  which  data 
processing  algorithms  are  most  efficient  and  robust  in 
identifying  the  object  features.  With  the  feasibility  data  we 
intend  to  seek  sponsorship  for  developing  an  engineering 
prototype  of  a  surface-acoustic  mine  sensor.  It  is  our  hope  that 
this  research  will  lead  to  a  very  low-cost  mine  identification 
sensor  which  can  be  used  either  on  autonomous  mine  hunting 
platforms  of  the  future  or  for  complementing  the  current 
sensor  capability  of  EOD’s  and  ROV’s. 

References 

[1]  T.  P.  Mills,  et  al,  ”  Identification  of  Wood  Species  by 
Acoustic-Resonance  Spectroscopy  Using  Multivariate 
Subpopulation  Analysis",  Applied  Spectroscopy  ,  Vol.  47, 
No.  11,  1993,  pp.  1880-1886. 

[2]  C.  Hayward,  et  al,  "'An  Intelligent  Ultrasonic  Inspection 
System  for  Flooded  Member  Detection  in  Offshore 
Structures",  IEEE  Trans.  Ultrasonics,  Vol.  40,  No.  5,  1993, 
pp.  512-521. 

[3]  J.  C.  Duke,  Jr.  (editor),  ACOUSTO-ULTRASONICS 
Theory  and  Application,  Plenum  Press,  1988. 

[4]  Proceedings  of  the  Autonomous  Vehicles  in  Mine 
Countermeasures  Symposium,  Monterey,  CA.,  4-7  April  1995. 


Fig.  6.  Impact  force  response  of  plastic2. 
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Fig.  10.  Ultrasonic  impulse  response  of  metal2, 


Fig.  13.  Ultrasonic  impulse  response  of  rock! 
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Advances  in  the  Magnetic  Detection  and  Classification 
of  Sea  Mines  and  Unexploded  Ordnance 

Ted  R.  Clem 

Coastal  Systems  Station,  Dahlgren  Division,  Naval  Surface  Warfare  Center,  Panama  City,  FL  32407 


Abstract  -  Magnetic  sensors  offer  a  complementary  approach  to 
active  acoustics  for  shallow  water  mine  reconnaissance  and  hunting. 
The  U.S.  Navy  has  developed  an  approach  using  a  S^hannel  tensor 
magnetic  gradiometer  to  provide  enhanced  classification  and 
localization  in  mobile  operations  beyond  the  capability  offered  by  the 
commonly  used  single-channel  total  field  magnetometer.  Buried  mine 
detection  and  low  false  alarm  rates  were  demonstrated  using  such  a 
5-channel  gradiometer  in  fiision  with  acoustic  sensors.  This  sensor 
featured  bulk  and  wire  niobium  low  critical  temperature  (low  TJ 
superconducting  components  cryocooled  by  liquid  helium.  Advances 
in  material  research  and  new  concepts  are  being  pursued  to  enhance 
opportunities  with  this  5-channel  gradiometer  concept:  an  advanced 
low  superconducting  prototype  incorporating  all  thin  film  niobium 
superconducting  components  to  demonstrate  increased  detection  range 
in  the  Joint  Countermine  Advanced  Concept  Technology 
Demonstration,  a  high  T^  superconducting  concept  using  liquid 
nitrogen  refrigeration  to  reduce  package  size  and  ciy^ogenic  support 
requirements,  and  a  room  temperature  fluxgate  prototype  for 
man-portable  applications  where  shorter  detection  ranges  are  useful. 
Recent  experimental  results  using  this  technology  have  been  obtained 
to  demonstrate  an  enhanced  capability  for  the  detection  of  unexploded 
ordnance  for  environmental  cleanup.  In  this  paper,  these  recent 
advances  in  sensor  development  and  the  new  testing  results  will  be 
reviewed 

I.  Introduction 

Magnetic  sensors  have  proven  merit  for  mobile  area  surveys  and 
search  operations  conducted  from  air,  land  or  sea  including 
application  for  the  detection,  classification,  and  localization  of  sea 
mines,  unexploded  ordnance  (UXO),  and  chemical,  biological  and 


nuclear  waste  [l]-[4].  In  fact,  in  an  assessment  conducted  by  the  Jet 
Propulsion  Laboratory  for  the  Army  Corps  of  Engineers,  magnetic 
sensors  in  general  were  identified  among  the  most  useful  sensors  for 
UXO  detection  and  localization,  and  superconducting  gradiometers 
were  specifically  identified  as  the  most  useful  tool  in  a  class  by 
themselves  [5].  For  applications  in  sea  mine  countermeasures,  we 
can  envision  operational  scenarios  in  which  long-range  detection  is 
required  for  reconnaissance  and  hunting  in  preparation  for  an 
amphibious  assault  or  shorter-range  detection  is  required  for  diver 
mine  detection  and  avoidance  (Fig.  1). 

In  Sections  LA  and  LB,  we  shall  describe  two  types  of  sensors 
which  detect  magnetic  anomalies;  sensors  which  detect  changes  in 
the  local  magnetic  field,  magnetometers;  and  sensors  which 
measure  the  spatial  derivatives  of  magnetic  field,  (first  order) 
gradiometers. 

A.  Magnetometers 

The  performance  of  a  magnetic  sensor  is  measured  by  its 
detection  range,  which  is  a  function  of  its  configuration  and 
sensitivity  and  the  magnetic  moments  of  the  targets  of  interest  In 
the  far  field,  a  target  can  be  well  approximated  as  a  magnetic  dipole. 
In  this  approximation,  relatively  simple,  analytic  expressions  can  be 
written  to  relate  sensitivity  requirements  in  terms  of  nominal  values 
for  target  magnetic  moment  and  range. 

For  the  special  case  in  which  a  circular,  connected  conducting 
loop  with  area  A  is  carrying  an  electrical  current  I,  we  can  define  the 
magnetic  moment  of  the  loop  as  the  vector  m  =  lAn  where  n  is  the 
normal  to  the  loop  in  the  direction  defined  by  the  right-hand  rule  for 
positive  current  The  International  System  (SI)  unit  for  magnetic 


Figure  1.  Operationals  scenarios  for  the  magnetic  detection  and  classifciation  in  sea  mine  countermeasures;  (a)  operation  onboard  an  unmanned  underwater  towed  vehicle 
towed  behind  a  semi-submersible  remotely-operated  vehicle  for  reconnaissance  and  hunting  and  (b)  diver-portable  operation  for  diver  mine  detection  and  mine  avoidance. 
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moment  is  ampere-meter-squared  (A-m^),  The  magnetic  induction 
for  a  magnetic  dipole  can  be  written  as 


variations  in  the  Earth’s  field,  without  the  use  of  very  sophisticated 
compensation  schemes. 


47t  L 


”] 


(1) 


The  concept  of  magnetic  moment  m  can  be  generalized  for  an 
arbitraiy  magnetic  body  and  the  magnetic  induction  of  the  body  will 
approach  the  result  of  (1)  in  the  far  field.  In  air,  the  magnetic 
induction  B  is  related  to  tlie  magnetic  field  H  via  B  =  ^„H. 
Hereafter,  B  will  be  used  exclusively  and  will  be  referred  to  as  the 
magnetic  field.  The  following  units  for  magnetic  field  will 
frequently  be  used  to  represent  sensor  .sensitivities:  nanotesla  ( 1  nT 
=10'‘^T),  picotesla  (1  pT=10''“T),  and  femtotesla  (1  fr=10’''‘^T). 

A  number  of  sensors,  notably  fluxgate  magnetometers  and 
superconducting  magnetometers,  measure  the  individual  vector 
components  of  field.  A  three-axis  vector  magnetometer,  likely  using 
fluxgate  or  superconducting  sensors,  is  very  useful  for  localization 
(providing  three  channels  of  information).  For  stationary 
applications  in  geophysics  and  barrier  defense,  such  sensei's  are 
effective.  However,  to  date,  these  sensor  types  have  not  proven 
effective  for  mobile  applications,  since  means  to  compensate  the 
anomalous  signals  arising  from  rotations  in  the  Earth  s  magnetic  field 
have  not  been  devised. 

Other  magnetometers,  notably  those  based  on  nuclear  or  atomic 
resonance  processes,  measure  the  magnitude  of  tlie  total  magnetic 
field  and  are  known  as  total-field  magnetometers.  Let  B,^  denote  the 
magnetic  field  of  tlie  Earth,  and  let  b  denote  the  induction  generated 
by  an  anomaly.  If  Ibl  «  IBJ,  then  the  signal  observed  by  a  total 
field  sensor  (referenced  to  the  baseline  Earth  field)  is 


b„^\Bo  +  h\-\Bo\=  jB}  +  2Bo-h  +  b^  (2) 


As  a  result  of  the  right-hand  approximation  above,  a  totcil-field 
magnetometer  does  not  simply  measure  the  magnitude  of  the 
magnetic-field  anomaly,  but  measures  instead  the  projection  of  that 
anomalous  signal  onto  the  earth’s  field. 

Total-field  magnetometers  have  provided  the  generally  accepted 
method  for  magnetic  anomaly  detection.  In  particular,  the 
AN/ASQ-81  and  its  successor  the  AN/ASQ-208  are  total-field 
magnetometers  utilized  by  the  U.S.  Navy  for  submarine  detection 
from  airborne  platforms.  A  major  advantage  of  this  type  of  sensor  is 
its  insensitivity  to  rotation  in  the  Earth’s  background  field  of  50,()(X) 
nT  (since  total  field  is  a  rotational  invariant). 

Measurements  by  total  field  magnetometers  are  difficult  to 
interpret  because  these  sensors  effectively  measure  the  projection  of 
the  anomalous  magnetic  field  vector  onto  the  Earth’s  magnetic  field 
intead  of  the  total  field.  Interpretation  often  requires  an  experienced 
opemtor,  and  precise  ^momaly  locations  are  difficult  to  obtain.  Since 
total  field  magnetometers  provide  only  one  channel  of  infomiation, 
they  lack  valuable  target  vector  information.  In  particular,  they 
provide  veiy  limited  localization  and  little  capability  for  anomaly 
classification  through  moment  determination.  Moreover,  these 
sensors  are  limited  in  field  operation  to  sensitivities  at  levels 
approaching  O.l  nT  as  a  result  of  geomagnetic  noise,  i.e.,  temporal 

Tlie  apj5e:irance  of  trade  names  in  tliis  document  does  not  constitute  endorsement 
by  the  Depiutment  of  Defense;  tlie  Navy;  or  ilie  Coastal  Systems  Station,  Dahlgren 
Division,  Naval  Surface  Warfare  Center. 


B.  Gradiometers 

The  gradient  of  the  magnetic  field  (in  standard  MKS  units  of  T/m) 
is  a  second-order  tensor  with  components  given  in  Ref.  6  by 

Gij  =  ^  =  •  r(r,  /■,  -  nbij)  -  r{rimj  +  (3) 

oXj  r 

As  a  result  of  Maxwell’s  equations  in  free  space,  only  5  of  these  9 
tensor  elements  are  independent.  For  this  reason,  (first  order) 
gradiometers  are  typically  designed  with  5  independent  gradient 
channels,  using  the  minimum  number  which  permits 
characterization  of  the  local  tensor  gradient  field. 

It  is  feasible  to  detennine  the  bearing  vector  and  the 
magnetic-moment  vector  direction  of  the  dipole  by  inversion  of  the 
gradient  equations  at  a  single  point  only  [6].  More  recently  it  has 
been  shown  that  the  addition  of  gradient  rate  infonnation  at  a  single 
point  leads  to  a  unique  solution  for  dipole  position  and  moment 
vector  [7] . 

The  contraction  of  the  gradient  tensor  defined  by 


G  =  S  Gij  Gij  (4) 

\  ;=1  pi 

is  a  rotational  invariant  associated  with  the  gradient  tensor  analogous 
to  the  magnitude  of  the  field  vector.  This  quantity  may  prove  very 
useful  for  applications  in  which  a  gradiometer  is  subjected  to  large 
rotations  during  the  period  of  measurement,  e.g.,  hand-held 
operation  (in  contrast  to  straight  runs  onboard  stabilized  platforms) 
[6J. 

An  example  of  one  configuration  to  measure  a  single-gradient 
tensor  component  and  a  simple  configuration  to  measure  5 
independent  gradient  components  are  displayed  in  Figure  2,  Each 
gradient  tensor  component  is  measured  by  a  spatially  separated  loop 
pair  connected  in  a  common-  mode  rejection  configuration.  3  vector 
magnetometers  are  included  in  the  5-channel  gradiometer  displayed 
in  Figure  2(b)  to  compensate  for  the  residual  magnetometer  signals 
in  the  gradiometer  channels  that  aiise  as  a  result  of  manufacturing 
imperfections  in  the  gradiometer  loops. 

Gradiometers  offer  the  potential  to  remove  many  of  the  limitations 
associated  with  magnetometers  because  the  output  of  a  gradiometer 
is  typically  produced  by  twin  magnetometers  operating  in 
differential  mode.  In  particular,  this  configuration  provides 
common-mode  rejection  of  the  nominal  O.l-nT  temporal  variations 
in  the  Earth’s  field  and  of  the  nominal  lOOO-nT  field  changes  arising 
from  typical  1  degree  sensor  rotations  while  in  towed  motion. 

Gradiometers  may  be  fabricated  using  many  available 
magnetometer  technologies.  Available  fluxgate  and  total-field 
magnetometers  can  perform  at  levels  approaching  l-iO  pT,  while 
superconducting  magnetometers  utilizing  Superconducting 
Quantum  Interference  Devices  (SQUIDs)  can  perfonn  at  levels  on 
the  order  of  I- 10  fT.  The  extreme  performance  available  from 
superconducting  magnetometers  provides  a  capability  to  fabricate 
gradiometers  with  high  sensitivity  having  short  baselines.  The  short 
baseline  provides  a  compact  package  with  extreme  coherence 
between  the  magnetometers.  The  coherence  is  required  to  maintain 
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Figure  2.  Gradiometer  sensor  concepts  including  (a)  a  single  SQUID-based  gradiometer  channel  and  (b)  a  conceptually  simple  5-channel  gradiometer  configuration  capable  of 
magnetic  dipole  localization  and  moment  classification  (with  3  orthogonal  magnetometers  for  motion  compensation). 


high  performance  when  in  motion,  and  the  compact  package  is 
amenable  to  iinplementation  aboard  one  vehicle.  In  addition,  with 
the  compact  sizes,  a  large  number  of  gradient  channels  can  be 
integrated  into  a  small  package  to  obtain  complete  position  and 
moment  determination  of  a  magnetic  dipole  target  at  a  single  point  in 
space. 

C  The  Superconducting  Gradiometer/Magnetometer  Sensor 

Almost  all  ot  the  efforts  with  SQUlD-sensor  technology  have 
dealt  with  sensors  inside  a  very  controlled  laboratory  environment, 
and  to  a  more  limited  extent  outside  the  laboratory  at  stationary 
locations,  notably  for  geophysical  measurements.  During  the  I980’s, 
the  Coastal  Systems  Station  (CSS)  developed  the  Superconducting 
Gradiometer/  Magnetometer  Sensor  (SGMS)  specifically  for  mobile 
operations  outside  the  laboratory  environment  (Fig.  3),  The  seasor 
employs  largely  niobium  bulk  and  wire  superconducting  technology 
(with  thin-fdm  Josephson  Junctions),  features  dc  SQUIDs  housed 
inside  superconducting  shields,  and  is  convectively  cooled  to  4 
degrees  Kelvin  by  helium  gas  evaporating  from  a  liquid  helium 
reservoir,  l/nder  some  field  conditions,  the  SGMS  has  attained 


(a) 


sensitivities  on  the  order  of  lpT/m-Hz'^“  at  0.1  Hz.  In  comparison 
total-field  gradiometers  (with  a  0.3-meter  baseline)  specificitily 
designed  for  operation  onboard  a  moving  platform  have  achieved 
sensitivities  on  the  order  of  30  pT/m-Hz'^'  at  0.1  Hz  and  a  fiuxgate 
gradiometer  described  in  Section  W.A  has  achieved  a  sensitivity  on 
the  order  of  300  pT/m-Hz'^  at  0. 1  Hz  [1],  [2]. 

The  CSS  initiated  the  Magnetic  and  Acoustic  Detection  of  Mines 
(MADOM)  Project  starting  in  1985.  This  project  successfully 
demonstrated  the  value  of  magnetic  and  acoustic  sensor  fusion  for 
mine  reconnaissance  and  hunting.  The  SGMS  demonstrated,  for  the 
first  time,  high  sensitivity  and  rugged,  robust,  and  reliable 
performance  of  a  superconducting  gradiometer  operating  outside 
the  laboratory  environment  onboard  a  towed  underwater  vehicle 
with  sea  testing  conducted  for  a  period  of  7  years.  Gradiometer 
operation  was  automated  (with  the  exception  of  semi-atuomated 
initial  tuning)  and  My-automated,  real-time  magnetic  detection  and 
classification  signal  processing  was  demonstrated  to  provide 
effective  and  accurate  moment  determination  and  localization  for 
single  and  multi-target  cases  [1],  [2]. 


(b) 


Figure  3.  Major  subiissemblies  in  the  SGMS  package:  (a)  dewar  and  (b)  sensor  probe  unit 


7-55 


D.  Quantitative  Comparison  of  Magnetometers  and  Gradiometers 

The  signal  strength  of  a  magnetic  dipole  decreases  as  the  third 
power  of  the  range  for  magnetic  fields  and  as  the  fourth  power  of  the 
range  for  magnetic  field  gradients.  The  approximate  ranges  of 
magnetometers  and  gradiometers  are  displayed  in  Figure  4  as 
functions  of  dipole  strength  and  sensor  sensitivity.  It  can  be  shown 
tliat  the  sensitivity  requirements  for  a  magnetometer  and  a 
gradiometer,  respectively,  to  have  the  same  detection  range  r  against 
a  given  dipole  Uirget,  is  given  by  the  approximate  relation  NyN„,  ~ 
3/r.  For  example,  the  detection  of  a  mortar  shell  with  a  magnetic 
moment  of  0.1  A-nr  at  a  range  of  3  m,  requires  a  magnetometer 
with  seasitivity  of  0.36  nT  or  a  gradiometer  with  sensitivity  of  0.36 
nT/m  (given  a  1 0-dB  signal-to-noise  ratio  for  both  cases). 

It  should  be  noted  that  the  high  rate  of  signal  reduction  with  the 
fourth  power  of  distance  in  the  case  of  a  gradiometer  represents  an 
apparent  shortcoming  for  a  gradiometer  configuration.  We  believe 
that  tire  ability  to  develop  gradiometers  with  sensitivity  greater  than 
1x10'^  nT/m  for  mobile  operations  and  the  extreme  difficulty  in 
utilizing  magnetometers  with  .sensitivity  greater  than  O.l  nT  in 
mobile"  operations  significantly  outweighs  this  shortcoming. 
Moreover,  the  fourth  power  reduction  of  detection  range  with 
moment  for  a  gradiometer  has  merit  for  the  detection  of  targets  with 
relatively  small  moments.  For  example,  a  3  pT/m  gradiometer  c^ 
detect  ;m  individual  500-pound  bomb  (with  a  moment  of  30  A-m’) 
at  a  range  of  33  m  and  a  60-mm  mortar  shell  (with  a  moment  of  0. 1 
A-nf)  at  a  range  of  8  m.  Hence  there  is  only  a  factor  of 
approximately  4  reduction  in  detection  range  for  a  60-mm  mortar 
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Figure  4.  Approxirnate  ranges  (in  meters)  of  magnetometers  imd  gr.idiometers  as  a 
function  of  target  strength  in  terms  of  magnetic  moment  (in  units  of  A-nr).  Curves 
are  given  for  different  sensor  sensitivities  (in  units  of  nT  for  magnetometers  and 
nT/m  for  gradiometers  assuming  a  10-dB  signal-to-noise  ratio  in  both  cases). 

shell  compared  to  the  500-pound  bomb  although  there  is  a  factor  of 
300  in  reduction  of  magnetic  moment. 

An  example  of  the  ease  of  interpretation  for  5-channel 
gradiometer  data  compared  to  single-channel  total-field 
magnetometer  data  is  displayed  in  Figure  5.  Magnetic  profiles  have 
been  generated  for  a  60-mm  mortar  shell  buried  1  meter  under 


NORTH-SOUTH  (FEET) 


Fi»ura  S  A  comparison  of  magnetometer  and  gradiometer  capabilities  tor  target  localization.  The  profiles  measure  tf  =  total  field  (Equation  (2))  and  gr  =  gnrdient  magmitude 
(Fouatioir  (4)).  Profiles  are  given  for  a  magnetic  dipole  centered  at  origin  with  (a)  a  general  orientation  and  (b)  orientatron  rn  an  east-west  drrectron.  Observe  that  fire 
gradiometer  profiles  are  approximately  circuUrrIy  symmetric  atioirt  the  dipole's  location  .so  that  "gradient"  searches  normal  to  the  gradtent  magnrtude  prattles  are  meanrngtul  tor 
the  aradiometer.  In  conmest,  the  magnetometer  profiles  ate  not  .amenable  to  such  straightforward  interpretation. 
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ground  for  two  different  orientations  with  respect  to  the  Earths 
background  field.  In  this  example,  the  magnetometer  profiles  and 
gradiometer  profiles  are  given  by  the  anomalous  total  field,  Eq.  (2), 
and  the  corresponding  changes  in  magnitude  of  the  gradient  tensor, 
Eq.  (4),  respectively.  The  complex  total  field  profiles  require 
precision  data  and  critical  interpretation  to  localize  dipole  sources. 
The  symmetric  gradiometer  profile  leads  to  straightforward 
interpretation  convenient  for  gradient  searches  for  dipole 
localization. 

n.  Scenarios  for  Gradiometer  Mobile  Operation 

We  can  envision  three  general  types  of  operational  scenarios: 
relatively  long-range  rapid  surveys  for  target  clusters,  more 
moderate-range  searches  against  individual  targets,  and  detailed 
close-in  surveys.  The  selection  ot  magnetic  sensor  type  will  largely 
depend  on  these  operational  requirements,  determined  primarily  by 
the  desired  detection  range,  which  is,  in  turn,  a  function  of  the 
magnetic  moment  of  the  targets  and  of  sensor  sensitivity.  The 
selection  also  depends  on  such  factors  as  financial  budgets,  logistical 
support  and  technical  expertise  of  the  operators.  To  date,  magnetic 
sensor  approaches  have  provided  limited  localization  and  mapping 
capabilities.  To  gain  widespread  acceptance,  approaches  must  be 
introduced  which  provide  accurate  localization  and  target 
classification,  and  which  lend  themselves  to  straightforward 
interpietation  and  minimal  training.  Perfonmance  must  not  be 
limited  by  magnetic  noise  from  the  host  platform  and  other 
subsystems.  For  land-based  operations,  the  system  must  be  capable 
of  operating  over  rough,  overgrown  terrain.  The  sensor  and 
associated  signal  processing  also  must  deal  effectively  with 
environmental  noise. 


CAPABILITY  WITH  3x10-3  nT/m  SENSITIVITY 

•  46  m  DETECTION  RANGE 

•  1  km^/hr  AREA  SEARCH  RATE 
(AT  SPEED  OF  16  km/hr) 


(a) 

Figure  6.  Two  modes  of  operation  for  5-gradient  ch:innel  sensors:  (a)  wide-area  surveys 
sensitive  sensors. 


A.  General  Considerations 

Long-range  rapid  surveys  conducted  from  an  aircraft  have  been 
proposed  for  initial  surveys  to  locate  clusters  of  UXO  targets  [4]. 
The  mine  reconnaissance/hunting  demonstration  of  MADOM 
represents  an  example  of  a  moderate-range  search.  Land-based 
manual  surveys  or  diver  operations  for  mine  detection  or  avoidance 
provide  examples  of  close-in  surveys.  High  sensitivity  will  be 
critical  for  the  long-range  and  moderate-range  scenarios,  but  such 
sensitivity  will  likely  be  sacrificed  for  the  close-in  sui'veys  at  ground 
level.  In  fact,  local  geologic  noise  limits  a  gradiometer’s  noise  floor 
to  levels  on  the  order  of  0.05  up  to  10  nT/m-Hz'^-  which  may  liirdt 
the  use  of  high-sensitivity  gradiometers  such  as  the  SGMS  for  some 
land-based  operations. 

A  perspective  on  the  role  of  higher  sensitivity  gradiometers  used 
for  wide-area  searches  and  lower  sensitivity  gradiometera  for 
close-in  surveys  can  be  obtained  from  the  following  example  (Fig. 
6).  A  3  pT/m  gradiometer  can  detect  a  grouping  of  twenty 
500-pound  bombs  (clustered  in  a  circle  several  meters  in  diameter) 
at  a  range  of  46  meters.  An  area  search  rate  of  1  km"/hr  can  be 
obtained  when  the  sensor’s  altitude  is  15  meters  moving  at  a  forward 
speed  of  15  km/hr.  When  deployed  from  the  ground,  a  less  sensitive 
300  pT/m  gradiometer  would  provide  detection  ranges  of  10  meters 
and  3  meters  for  the  detection  of  a  500-pound  bomb  and  a  60-mm 
mortar  shell,  respectively. 

Two  fundamental  approaches  for  operation  of  a  5-channel  tensor 
gradiometer  stand  out.  First  it  will  often  be  convenient  to  conduct 
straight-line  searches  at  constant  velocity  for  airborne  and 
underwater  vehicle  operation  and  also  for  some  land-based  surveys 
if  the  terrain  admits  straight-line  trajectories.  For  other  cases, 


CAPABILITY  WITH  0.3  nT/m  SENSITIVITY 

•  10m  RANGE  AGAINST  500  lb  BOMB 

•  2,5  m  RANGE  AGAINST  60  mm 
MORTAR  SHELL 


(b) 

using  high  sensitivity  sensors  and  (b)  short-range  searches  for  single  targets  using  less 
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including  many  man-portable  land-based  and  diver  operations,  it  will 
be  unreasonable  to  expect  controlled  operator  motions  along 
straight-line  trajectories  at  constant  velocities.  In  either  case,  we  can 
implement  signal  processing  using  point-by-point  inversion  of  the 
motion-compensated  gradiometer  signals.  For  the  special  case  of 
straight-line  searches,  we  can  also  utilize  least-squares  fit  to  the  time 
series  in  order  to  improve  target  detection.  One  approach  using 
point-by-point  inversion  is  described  in  Section  U.B  and  one 
approach  using  a  least-squares  fit  is  described  in  Section  II.C  below. 

R  Localization  using  Point-by-Point  Signal  Inversion 

As  mentioned  above,  the  five  independent  gradient  tensor 
components  at  a  single  point  can  be  used  to  construct  the  bearing 
vector  to  a  dipole  source,  and  a  scaled  moment  vector  with  the  same 
direction  as  the  dipole  moment  vector  and  a  magnitude  given  by 
miP  [6].  The  difficulty  with  this  inversion  is  that  there  are  multiple 
solutions:  two  nontrivially  related  solutions  in  a  given  half  space,  and 
two  additional  solutions  obtained  by  reflection  of  the  first  two 
through  an  origin  centered  on  the  gradiometer.  This  multiplicity  of 
solutions  has  limited  the  practical  application  of  this  algorithm. 
More  recently,  Wynn  [7]  has  investigated  the  use  of  the  rate  of 
change  of  the  gradient  tensor  components,  and  their  role  in  resolving 
the  scaling  and  uniqueness  issues  associated  with  the  gradient  tensor 
inversion. 

For  a  sensor  with  specified  translational  velocity  v ,  the  time  rate  of 
change  of  the  gradient  tensor  components  has  the  form 

Gij  =  -^{35(m  •  r)(v  •  r)r/ry  -5r2[(m  •  v)r,ry 

^  47cr^ 

4-(m  •  r){viri  +  Vjri)  ■+•  (v  •  r)(m/r/  +  m/r,) 

+(m  •  r)(v  •  r)5,/]  +  r‘^[miVj  +  nijVi  +  (m  •  v)6,7]}  (5) 

These  equations  have  been  inverted  to  give  multiple  solutions  for  the 
bearing  vector  and  a  scaled  moment  vector  in  the  direction  of  the 
dipole  moment  vector  with  a  magnitude  g  iven  by  m/r^.  The 
solution  for  bearing  vector  and  moment  vector  direction  common  to 
the  two  inversions  is  unique,  and  the  different  scaling  for  the  scaled 
moments  in  the  two  inversions  yields  the  range  to  the  dipole, 
resulting  in  a  unique  solution  for  m  and  r  on  a  point-by-point  basis. 
In  practice,  it  is  not  necessary  to  specify  a  sensor  velocity.  All  that  is 
needed  is  knowledge  of  the  position  of  the  gradiometer  relative  to  the 
Earth’s  reference  frame.  Work  is  ongoing  to  apply  these  algorithrns 
to  the  practical  interactive  localization  of  buried  UXO  by  means  of  a 
man-portable  tensor  gradiometer. 

C  Localization  using  a  Time-Series  Least-Squares  Fit 

A  mathematical  model  for  detection,  classification,  and 
localization  (D/CVL)  of  multiple  stationary  magnetic  dipole  targets 
using  a  gradiometer  (with  5  independent  tensor  gradiometer 
channels  appropriately  selected  and  3  orthogonal  magnetometer 
channels)  moving  in  a  straight  line  trajectoiy  past  the  targets  at  a 
constant  speed  has  been  developed  and  validated  in  the  MADOM 
project.  The  5  output  signals  Si(t)  (i=l,2,....5)  from  the  5 
independent  gradiometer  channels  and  the  3  magnetic  field 
components  Bj(t)  (1  =1,2,3)  are  measured  as  a  function  of  time  as  the 
sensor  moves  past  the  targets.  The  time  derivatives  of  field  dB,(t)/dt 
are  calculated  from  the  B,(t)  for  eddy-eument  compensation.  The 


objective  of  this  model  is  to  extract  the  dipole  signals  G-^\t) 
(k=l,2,...,n)  for  the  unknown  number  n  of  dipole  targets  and  then  to 
determine  the  magnetic  moments  and  the  positions  of  the  n  targets. 

The  model  describes  the  signals  Sj  in  the  5  gradiometer  channels 
by  the  equations 

Si(t)  =  icn\t  Gif (ol  +«/  +  i  P-'/BKO  +  E ynm  +  Viit)  (6) 

>=1  lt=l  )  1=1  M 

where  c  is  the  pre-determined  calibration  matrix  for  the  gradiometer, 
Vj(t)  and  c(j  are  uncompensated  noise  (setting  the  noise  floor  of  the 
channel  commpensalion  parameters  per  channel)  and  channel  biases, 
respectively,  and  pn  and  Yu  are  the  balance  and  eddy-current  vectors 
for  channel  i.  An  iterative  analysis  first  estimates  the  a’s,  P’s  and  y’s 
(a  total  of  35  parameters)  and  then  executes  a  ^adient  search  for  the 
location  of  the  single  target  that  best  fits  the  residual  signal.  The  a’s, 
P’s  and  y’s,  and  target  location  and  moment  are  then  optimized,  and 
the  procedure  is  repeated  for  a  second  target.  Targets  continue  to  be 
added  until  finally  no  target  can  be  found  whose  signal  contributes 
substantially  to  a  reduction  in  total  signal  power,  at  which  point  the 
algorithm  terminates. 

Fig.  7  displays  the  motion-compensated  signals  obtained  from  the 
gradiometer  and  the  information  extracted  from  the  algorithm  in 
detecting  a  1000-lb  Mk83  bomb.  The  five  gradiometer  signals  are 
displayed  for  a  45-m  section  of  data  with  the  bomb  located  15  m  to 
port  and  5  m  below  the  gradiometer  at  the  closest  point  of  approach. 
The  measured  and  predicted  target  location,  moment,  and  orientation 
are  also  displayed  to  indicate  the  capability  of  the  algorithm  to 
provide  good  fits  to  the  data. 

III.  Mobile  Underwater  Debris  SURVEY  System 

A  project  has  been  initiated  to  develop  and  evaluate  a  Mobile 
Underwater  Debris  Survey  System  (MUDSS)  capable  of  finding 
and  accurately  mapping  the  locations  of  UXO  ranging  from  small 
.shells  to  large  bombs  in  water  depths  of  from  4  to  approximately  100 
feet  in  coastal  regions  at  formally  used  defense  sites  [3],  The  effort 
involves  a  collaboration  between  CSS  and  the  Jet  Propulsion 


Figure  7.  The  five  gradiometer  signals  in  a  45-m  section  of  data  on  a  pass  near  a 
Mk83  1000-lb  bomb. 
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(a)  (b) 

Figure  8.  Tlie  Mobile  Underwater  Debris  Survey  System:  (a)  artists  concept  detailing  key  features  ot  the  system  tind  (b)  photogmph  of  system  in  transient  to  test  site  with 
the  dead-weight  depressor  housed  out  of  water  for  speed  and  maneuverability. 


Laboratory  [8].  In  addition  to  the  application  of  UXO  detection  at 
coastal  sites  utilizing  underwater  towed  sensor  suites  as  described  in 
this  section,  the  use  of  a  superconducting  gradiometer  in  a  system 
concept  for  rapid  airborne  reconnaissance  and  survey  of  UXO  sites 
has  been  proposed  [4]. 

A,  General  Project  Description 

The  MUDSS  project  is  divided  into  two  phases.  Phase  1,  which 
ran  for  one  year  and  culminated  in  an  at-sea  feasibility  demonstration 
of  a  multi-sensor  MUDSS  prototype  against  UXO  in  a  diill  target 
field.  The  feasibility  demonstration  was  successfully  executed  in 
August  and  September  of  1995  in  St.  Andrews  Bay  (mar  Panama 
City,  FL)  with  the  SGMS  utilized  for  magnetic  detection.  Phase  LI 
will  culminate  in  1997  in  a  technology  demonstration  consisting  of  a 
UXO  survey  at  a  yet-to-be-determined  formally  used  defense  site. 

Figure  8  depicts  the  first  version  of  the  MUDSS  system  which 
was  fielded  in  1995  for  the  feasibility  demonstration.  The  surface 
craft  is  a  custom  designed,  magnetically  and  acoustically  quiet, 
shallow  draft,  trailerable  catamaran.  A  dead-weight  depressor  is 
suspended  ofl  of  the  back  of  the  catamaran  to  maintain  the 
appropriate  depth  for  sensor  operation  and  to  house  part  of  the  sensor 
suite  (a  RESON  Seabat  ahead  looking  sonar,  a  CSS-developed  high 
frequency  sidescan  sonar,  and  a  Raytheon-leased  LS  4096  laser 
linescanning  electro-optic  sensor.  A  second  neutrally  buoyant  tow 
body  trailing  the  deadweight  depressor  houses  a  CSS-developed  low 
frequency  synthetic  aperture  sonar  and  the  SGMS. 

Reference  3  gives  a  detailed  description  of  the  feasibility 
demonstration  test  field  layout,  the  testing  procedures,  and  the 
performance  of  the  acoustic  and  electro-optic  sensors.  Specific 
details  relevant  to  the  gradiometer  demonstration  are  given  here. 


B.  Gradiometer  Results  fivni  the  Feasibility  Demonstration 

A  linear  target  field  was  kiid  out  to  evaluate  the  SGMS 
performance.  The  field  consisted  of  a  row  200  m  in  length  of  eight 
small  and  medium-sized  targets  (mortar  and  artillery  shells  ranging 
in  caliber  from  60  up  to  203  mm)  mnning  north-south;  a  second, 
shorter  row  of  three  medium-sized  targets  (two  oil  drums  and  a 
Mk82  500-16  bomb)  parallel  to,  and  9  m  east  of,  the  first  row;  and  a 
third  row  of  two  targets  (a  Mk83  1000-Ib  bomb  and  a  Mk84  2(X)0-lb 
bomb)  9  m  east  of  the  second  row.  A  marker  and  a  sonar  calibration 
panel  with  ferrous  anchors  were  laid  at  one  end  of  the  linear  field. 
Estimates  of  the  magnetic  moments  for  the  Uirgets  obtained  from  the 
D/C/L  algorithm  described  in  Section  II.C  are  tabulated  in  Table  L 
These  magnetic  moments  ranged  from  0.03  A-m’  tor  one  bOmrn 
mortar  shell  up  to  120  A-nr  for  the  2000-lb  bomb. 


TABLE  I 

Estimates  of  Magnetic  Moment  for  the  UXO  Targets 


Target 

Moment 

(A-m^) 

Range 

(m) 

Relative 

Range 

60mm  shell 

0.03  •  0.2 

6-9 

1-1.5 

8 1mm  shell 

0.3 

10 

1.6 

105 mm  shell 

0.7 

13 

2.2 

175mm  shell 

3 

18 

3 

203mm  shell 

5 

22 

3.6 

55  gal  oil  drum 

10-25 

27  -  32 

4.5  -  5.3 

500db  bomb 

20 

30 

5 

1000-lb  bomb 

40 

36 

6 

2000*  lb  bomb 

120 

48 

8 

The  detection  range  for  these  targets  is  also  tabulated  in  Table  I, 
Absolute  range  is  given  for  a  gradiometer  with  sensitivity  of  3 
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Figure  9.  Gradiometer  targets  found  in  one  run  over  the  linear  field  with  the  open  circles  O  indicating  the  actual  target  locations  and  the  solid  circles  •  indicating  the 
positions  predicted  by  the  D/C/L  Lilgorithm.  The  size  of  the  solid  ciRies  •indicates  the  predicted  magnitude  of  the  target’s  magnetic  moment. 


pT/m-Hz'^  at  0.1  Hz  assuming  a  10  dB  signal-to-noise  ratio  and 
relative  range  is  given  for  fixed  gradient  sensitivity  (normalized  to  1 
for  a  60mm  shell  with  magnetic  moment  of  0.03  A-m“).  Observe 
that  the  2000-lb  bomb  is  detectable  at  8  times  the  range  of  the  60mm 
mortar  shell. 

The  predicted  results  from  the  D/C/L  algorithm  to  estimate 
location  and  to  classify  the  targets  according  to  magnetic  moment  are 
displayed  in  Fig.  9  for  one  pass  of  the  system  through  the  target  field. 
Open  circles  designate  the  actual  location  of  the  targets,  while  the 
solid  circles  indicate  the  predicted  positions.  The  size  of  the  solid 
circles  indicate  the  magnitude  of  the  targets’  magnetic  moment.  For 
the  feasibility  demonstration,  the  nominal  performance  of  the 
gradiometer  channels  was  on  the  order  of  3  pT/m-Hz'^*  at  0. 1  Hz. 
The  D/C/L  algorithm  was  effective  in  localization  and  classification 
(by  moment  magnitude)  all  of  the  tcirgets  in  this  pass  with  the 
exception  of  the  1000-lb  Mk83  bomb.  This  exception  provides 
example  of  multi-target  localization  for  which  there  are  2  targets  (the 
500-lb  bomb  and  thelOSmm  shell)  in  this  data  window  in  addition  to 
the  lOOO-lb  bomb.  In  this  case,  the  algorithm  successfully  localized 
the  500-lb  bomb  and  the  105mm  shell  with  high  signal  strength,  but 
failed  to  locate  the  more  distant  lOOQ-lb  bomb  with  a  relatively  weak 
signal  strength.  The  ferrous  anchors  for  the  marker  and  calibration 
piiel  at  the  right  hand  side  of  the  map  and  two  clutter  objects  in 
proximity  to  the  106mm  shell  (not  a  part  of  the  target  set)  were  also 
detected  duiing  this  run.  Double  detections  ai^  displayed  in  Figure  9 
for  two  targets,  the  500-lb  bomb  and  one  of  the  two  oil  dmms. 
These  represent  target  detections  by  the  D/C/L  algorithm  in  two 
separate  data  segments.  The  high  degree  of  overlap  for  the  double 
detections  is  suggestive  of  the  degree  of  accurarcy  obtained  with  this 
algorithm. 

IV.  Clutter  REiEcnoN 

Generally  active  acoustic  approaches  have  proven  to  be  an 
effective  means  to  detect,  classify  and  localize  tethered  sea  mines  or 
bottom  mines  proud  with  respect  to  the  bottom  in  deeper  waters. 
However  the  shallow-water  bottom  mine  environment  is  an 
especially  difficult  acoustic  environment  in  which  to  operate. 
Interfering  reverberations  from  the  mr/sea  and  seLt/b(')ttom  interfaces, 
bottom  topographical  features,  general  harbor  debris,  mid  mine 
burial  present  a  difficult  acoustic  environment  for  bottom  mine 
detection.  In  coastal  regions,  the  density  of  debris  clutter  may  lead 


to  a  high  frilse-alann  rate  using  conventional  imaging  sonar 
approaches  alone. 

For  effective  clutter  rejection,  it  is  very  desirable  to  use  distinctly 
different  sensor  approaches.  The  application  of  two  or  more 
collocated  sensors  operating  simultaneously  has  the  potential  to 
reduce  false  alamis  and  provide  robust  detection  in  a  wide  variety  of 
background  conditions.  For  mine  reconnaissance  and  hunting,  the 
combination  of  magnetic  sensors  with  son^irs  provides  such  an 
alternative.  In  the  MADOM  sea  testing,  more  than  90%  of  the 
acoustically  mine-like  clutter  was  not  magnetically  mine-like. 

Several  investigations  have  been  conducted  recently  using 
automated  neural  network  approaches  to  assess  the  merit  of 
magnetic  and  acoustic  data  fusion  [9],  [10].  The  following  result 
was  obtained  courtesy  of  L.  Smedley  and  G.  Dobeck  [10].  A  set, 
consisting  of  215  sonar  images  containing  an  assortment  of  drill 
targets  and  clutter  objects,  was  assemblied  using  data  collected  from 
sea  tests  with  the  SGMS  and  the  MADOM  low  frequency  synthetic 
aperature  sonar.  For  each  sonar  inicige,  the  magnetic  detections  were 
co-registered.  An  attractor-based  k-nearest  neighbor  neural  network 
was  developed  using  the  magnetic  and  acoustic  features  given  in 
Table  U. 


TABLE  ll 

Features  Used  to  Train  the  Neurai.  Network  Developed  in  [  ioi 


Magnetic  Features 

Acoustic  Features 

Total  magnetic  moment 

Average  signal-to-noise  ratio 
(SNR)  over  object’s  length 

Y-componeni  of  moment 

Average  SNR  over  object’s  width 

Z-component  of  moment 

Maximum  of  the  ratio  of  SNR  for 
length  to  SNR  for  width 

Depth  estimate 

Number  of  intense  pixels 

Confidence  level  for  correct  object 
classification  and  localization 

Target  length 

1  arget  width 

Estimated  clutter  density 

7-60 


Figure  10.  The  probability  of  detection  and  classification  for  acoustic  and 
magnetic  sensors  alone  and  for  neural-network  fusion  data  from  both  sensors  given 
as  a  function  of  the  number  of  hilse  alarms  per  image  in  the  two  tracks  from  10  to  27 
metei-s  on  either  side  of  the  vehicle. 

Receiver  operating  curves  (ROCs)  for  this  data  were  established 
for  different  detection  ranges,  recognizing  the  fact  that  the  two 
sensors  are  effective  over  different  ranges.  The  ROC  for  the 
individual  sensors  and  for  the  twchsensor  data  fusion  (obtained  from 
this  neural  network)  are  displayed  in  Fig.  10  for  tracks  on  both  sides 
of  the  vehicle  in  a  range  where  both  sensors  were  effective.  For 
these  tracks,  there  were  93  drill  targets  in  the  215  images. 

We  observe  in  this  figure  the  improved  detection  and  classifcation 
obtained  using  the  data  fusion.  For  an  acceptable  rate  of  0.1  false 
alarnis  per  image,  the  probability  of  detection  and  classification  was 
0.5  for  the  acoustic  sensor  alone  and  0.77  for  the  magnetic  sensor 
alone.  The  probability  of  detection  and  classification  increased  to 
0.9  for  a  rate  of  0. 1  false  alarms  per  image  using  this  neural-network 
data  fusion.  Although  these  results  were  taken  from  a  small  data  set 
of  215  images,  we  believe  that  the  trend  clearly  demonstrates  the 
substantial  benefit  of  magnetic  and  acoustic  data  fusion  for  shallow 
water  mine  reconnaissance  and  UXO  survey. 

V.  THE  THINTILM  GRADIOMETER 

We  believe  that  the  current  technology,  represented  by  the  SGMS 
sensor,  is  reaching  its  performance  limit  This  technology  is  largely 
characterized  by  the  use  of  bulk  and  wire  niobium  (Nb) 
superconducting  components.  Advances  in  Nb  thin  film  technology 
to  obtain  increased  low  frequency  sensitivity  and  the  relative 
simplicity  of  the  thin-film  processing  in  contrast  to  labor-intensive 
assembly  of  bulk  SQUID  packages  and  the  hand  winding  of  wire 
loops  are  appealing.  For  mobile  applications,  the  greater  intrinsic 
balance,  i.e.,  common-mode  rejection  of  the  Earth’s  magnetic  field, 
obtained  from  thin-film  lithography  compared  to  manual  winding  of 
wire  loops  and  the  removal  of  bulk  magnetic  components,  including 
superconducting  diamagnetic  components  such  as  shield  canisters,  is 
important  to  reduce  anomalous  signals  in  the  gradiometer  sense 
loops  arising  from  acceleration-induced  relative  motion  of  parts.  A 
project  to  develop  a  high  sensitivity,  all  thin-film  gradiometer  sensor 
for  mobile  deployment  is  being  pursued  by  the  CSS,  IBM  Research 
[11],  Ball  Aerospace  [12],  Lockheed-Martin  [13],  (Quantum 
Magnetics  [14],  and  the  Naval  Research  Laboratory  [15]  for 


demonstration  in  the  Joint  Countermine  Advanced  Concept 
Technology  Demonstration. 

A.  Cryogenic  and  Room-Temperature  Electronics 

Major  advances  in  Nb  thin-film  fabrication  technology  has  led  to 
the  development,  for  the  first  time,  of  high  quality  low  frequency 
SQUID-based  magnetic  sensors  utilizing  Nb-AlO^-Nb  tri-layer 
technology  on  a  5”  scale.  This  work  has  led  to  the  production  of 
totally  unshielded  gradiometers  which  have  been  successfully 
demonstrated  to  operate  in  the  Earth’s  magnetic  field. 

A  cryogenic  probe  assembly  for  high  performance  in  mobile 
operation  has  been  manufactured  with  3  tensor  gradiometer  circuits 
mounted  on  a  single-ciystal  silicon  rod  and  mounted  to  the  dewar 
neck  plug  (Fig.  11).  The  gradiometer  circuits  consist  of  2 
counterwound  magnetometer  loops,  each  3.8  cm  square  with  a 
baseline  of  5.3  cm,  monoUthically  coupled  to  the  SQUID.  The 
precision  lithogrc^)hy  in  conjunction  with  a  configuration  in  which 
the  sense  loops,  the  SQUID  washers,  and  their  modulation  and 
feedback  coils  are  ail  patterned  as  gradiometers  has  provided 
extreme  balance  in  order  to  maintain  frill  sensitivity  in  the  presence 
of  field  changes  on  the  order  of  1000  nT. 

A  benchtop  version  of  high  frequency  flux-lock  loop  (FLL) 
feedback  electronics  with  a  modulation  frequency  of  16  MHz,  a 
factor  of  15  to  30  times  the  current  frequency  available  with 
commercial  electronics,  has  been  developed  in  order  to  assure 
specified  signal-to-noise  ratios  required  from  the  all  thin-film 
gradiometer  channels  (using  air-core  thin-film  output  transformers  in 
place  of  wire-wound  ferrous-core  transformers)  and  to  provide  a 
high  bandwidth  for  electromagnetic  interference  immunity  [16]. 

B.  The  Advanced  Liquid  Helium  Dewar 

A  dewar  prototype,  referred  to  as  the  Advanced  Liquid  Helium 
Dewar,  was  developed  to  assure  that  the  dewar  would  not  limit 
sensor  performance  (Fig.  12).  A  flexible  design  approach  suppx)rted 
by  detailed  thermal,  mechanical  and  field  calculations  was  pursued. 
Stringent  material  selection  and  magnetic  screening  standards  were 
established.  The  materials  typically  were  chosen  to  be  as 
magnetically  clean  as  possible,  with  residual  magnetizations  10 
orders  of  magnitude  smaller  than  that  for  soft  steel.  The  magnetic 


Figure  1 1 .  The  TFG  Cryogenic  Probe  Assembly. 
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Figure  12.  Tht  Advanced  Liquid  Helium  Dewar. 

gradient  stability  and  the  eddy  cuirent  stobility  are  100  times  better 
than  the  preceding  state-of-the-art  established  with  the  SGMS. 

An  exchange  gas  cooling  approach  was  pursued  in  place  of  the 
convective  cooling  utilized  in  the  SGMS  dewar.  New  innovations 
for  thermal  management  have  been  implemented  -  anti-slosh  baffles, 
thennal  filters  to  isolate  sensor  area  from  bath  temperature 
fluctuations,  aluminized-mylar  blankets  for  radiation  shielding 
custom  etched  to  reduce  the  eddy  currents,  and  thennal  networks  of 
99.999%  pure  aluminum  wire  for  temperature  uniformity. 
Temperature  stability  in  motions  typical  of  tow  operations  is  on  the 
order  of  1  at  0.1  Hz,  a  factor  three  orders  of  magnitude 

better  than  for  the  SGMS  dewar  [17]. 

C  Field  Testing  of  the  Integrated  Sensor 

The  integrated  sensor  prototype  has  been  evaluated  recently  under 
field  conditions.  For  this  testing,  the  benchtop  room  temperature 
FLL.  electronics  (which  have  a  significant  magnetic  signature)  are 
operated  off  a  15-m  cable  outside  the  test  facility  (remotely 
positioned  some  13  m  away  from  the  sensor  so  as  not  to  limit  the 
performance  of  the  sensor  in  motion).  Stationary  measurements 
have  been  conducted  in  this  test  setup  in  order  to  establish  a  baseline 
for  the  motion  testing;  i.e.,  to  quantify  any  deterioration  of 
performance  in  motion.  In  this  configuration  for  the  sensor,  white 
noise  on  the  order  of  50  fT/m-Hz‘^  (10  iiO^/Hz’^)  has  been 
demonstrated.  The  knee  for  1/f  noise  occurred  at  approximately  1 
Hz  and  the  noise  floor  rose  to  approximately  200  fT/m-Hz‘^  (40 
pO^,/Hz'^)  at  0.1  Hz.  The  nominal  balance  of  the  gradiometers  is 
estimated  at  IxlO’^/m  (as  measured  indirectly  from  a  comparison  of 
compensated  and  uncompensated  motion  spectra  obtained  in 
preliminary  motion  testing),  a  factor  of  at  least  20  greater  than 
obtained  with  the  wire-wound  SGMS  loops  without  the  trimming 
procedures  required  for  wire  loops.  The  dynamic  range  of  the 
gradiometers  is  6xl0^ 

For  comparison,  these  electronics  evaluated  in  a  laboratory 
environment  (integrated  with  a  preliminary  version  of  the 
gradiometer  circuit  currently  being  evaluated)  operating  off  a  2-m 
cable  has  white  noise  on  the  order  of  4  |liO^/Hz*^  with  about  1/3  of 
the  noise  from  the  preamplifier.  The  knee  for  1/f  noise  also 
occurred  at  approximately  1  Hz  and  the  noise  floor  rose  to 
approximately  7  |i<J>^/Hz'^  at  0. 1  Hz.  The  electronics  demonstrated 
a  very  high  closed  loop  bandwidth  exceeding  2.5  MHz  and  a  very 


high  slew  rate  greater  than  lx  10^  O^/sec  at  frequencies  up  to  1  MHz 
[16].  In  comparison,  the  SGMS  has  a  bandwidth  of  100  kHz  and  a 
slew  rate  of  2.5x  10^  O/sec. 

D.  Development  of  a  Field-Deployable  TFG 

The  existing  TFG  is  being  upgraded  to  a  ruggedized 
field-deployable  version.  A  ftilly-populated  5-channel  cryogenic 
probe  assembly  is  being  developed  to  replace  the  3-channel 
laboratory  unit.  A  compact  field-deployable  room-temperature 
electronics  package  is  being  developed  to  replace  the  benchtop  FLL 
electronics  currently  utilized  for  the  laboratory  version  and  to 
provide  automated  sensor  control,  signal  digitization,  and  data 
linking.  Miniaturization  of  the  electronics  into  a  single  integrated 
unit  mounted  onto  the  sensor  (as  required  to  obtain  sensitivity  of  the 
integrated  sensor  in  motion)  represents  a  major  undertaking.  The 
entire  analog  and  digital  electronics  for  5  gradiometer  and  3 
magnetometer  channels  is  being  packaged  into  a  unit  43  cm  in 
diameter  and  56  cm  in  length.  The  package  must  have  magnetic 
signature  consistent  with  the  sensitivity  requirements  in  motion, 
power  reduced  by  a  factor  of  30  compared  to  the  laboratory 
prototype,  and  dimensions  to  minimize  the  length  of  the  sensor  body 
section  for  underwater  deployment  as  much  as  possible.  Production 
is  in  progress  with  final  assembly  and  testing  to  be  completed  in 
1997  for  integration  in  an  underwater  tow  system  for  mine  hunting, 
specifically  for  demonstration  in  the  Joint  Countermine  Advanced 
Concept  Technology  Demonstration,  and  for  UXO  surveys. 

VI.  High  fy  Superconducting  Technology 

As  a  result  of  nitrogen  cooling,  the  development  of  sensors 
utilizing  the  high-T^  materials  with  nitrogen  cooling  provides  an 
opportunity  for  significant  size  reduction,  an  ease  of  maintainability 
and  convenience  in  comparison  to  the  low-T^  technology  with 
helium  cooling,  factors  critical  to  gain  widespread  acceptance  of  the 
superconducting  technology  over  other  magnetic  sensor  approaches. 

A.  Perspective  on  Nitrogen  Cooling  for  Naval  Operations 

A  broad-based  assessment  of  refrigeration  technology  including 
liquid,  solid,  and  triple-point  nitrogen  dewars  and  active  cryocoolers 
was  conducted  [1],  [18).  The  conclusion  from  this  assessment  is 
that  liquid  nitrogen  dewars  represent  the  best  choice  for  near-term 
development  of  a  high  performance  high  T^  superconducting 
gradiometer  for  mobile  applications.  The  design  for  an  open 
(vented)  liquid  nitrogen  dewar  with  dimensions  45  to  75  cm  in 
length  and  30  to  50  cm  in  diameter  has  been  established  consistent 
with  sensitivity  goals  (Fig.  13).  These  dimensions  are  consistent 
with  available  space  in  underwater  tow  bodies  of  interest  for  U.S. 
Navy  applications.  A  final  choice  for  dimeasions  in  any  final  dewar 
design  would  be  based  on  a  tradeoff  between  space  and  hold  time. 
Results  of  the  concept  analysis  indicate  that  a  dewar  with  dimensions 
of  43  cm  in  diameter  and  75  cm  in  length  would  have  a  hold  time  of 
approximately  33  days.  This  hold  time  is  over  6  times  greater  than 
the  hold  time  for  the  Advanced  Liquid  Helium  Dewar  which  has  the 
same  diameter  but  is  150  cm  long,  twice  the  length  of  the  nitrogen 
dewar. 

The  benefits  for  naval  mobile  applications  which  can  be  obtained 
from  these  reduced  cryogen  requirements  include:  (1)  a  significant 
reduction  in  down  time  during  operations;  (2)  affiliated  reductions  or 
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C  3’Axis  High  7.  Magnetometer  for  Stationary  Applications 


Fig.  13.  Liquid  nitrogen  dewar  concept  with  design  versatile  for  multiple 
applications.  This  dewar  has  an  outer  diameter  of  43  cm  (17")  (compatible  with 
operation  in  a  53-cm  (21")  vehicle)  and  a  length  of  75  cm  (30").  The  dewar  is 
projected  to  have  a  hold  time  of  33  days. 


elimination  in  labor  requirements  for  ciyogen  support  during  critical 
phases  of  an  operation;  (3)  reduced  failures  in  the  cryogenic  circuits 
or  in  the  dewar  (such  failures  typicaUy  occur  during  cryogen 
recycling);  and  (4)  the  elimination  of  an  additional  footprint  on  ship 
deck  required  for  helium  storage.  In  addition,  the  use  of  liquid 
nitrogen  in  place  of  liquid  helium  significantly  reduces  supply 
logistics  as  a  result  of  the  wide  availability  of  nitrogen  on  the  market 
at  domestic  and  most  foreign  ports  and  the  availability  of  a  large 
number  of  liquifiers  in  the  U.S.  Reef  with  at  least  54  units  identified. 
Significant  cost  savings  are  expected  from  reduced  costs  tor  cryogen 
supply. 

B.  Device  Development  under  this  Project 

Since  1993,  there  have  been  a  number  of  laboratory  results 
reported  on  magnetometer  prototypes  with  white  noise  better  than 
2()0  fT/Hz'^.  A  number  of  test  samples,  magnetometer  circuits  and 
gradiometer  circuits  have  been  developed  in  conjunction  with  this 
project  This  included  a  report  of  26  fT/Hz*'^  at  1  Hz  for  a  2x2-cm 
magnetometer  [19].  As  an  element  of  this  program,  the  impact  of 
flux  trapping  for  unshielded  operation  of  high  T,  sensors  in  the 
Earth’s  magnetic  field  has  been  investigated  and  identified  to  be 
more  problematic  than  for  the  corresponding  low  T^.  niobium 
thin-film  sensors.  Approaches  are  being  pursued  to  circumvent 
current  limitations  in  high  T.  fabrication  technology  [20]-[24].  In 
particular,  the  three-sensor  gradiometer  approach  described  in 
Section  VTT.B  is  an  example  of  one  means  to  circumvent  these 
limitations.  In  that  approach,  magnetic-field  coils  are  utilized  to  null 
out  the  Earth’s  magnetic  field  at  the  sensing  circuit.  The  field  nulling 
si^lcantly  reduces  noise  associated  with  non-ideal  magnetization 
effects  in  the  high-T^  superconducting  material. 


A  3-axis  magnetometer  prototype  developed  by  Conductus  under 
a  SBIR  contract  has  been  evaluated  (Fig.  14).  This  sensor  is  being 
developed  for  stationaiy  operation  with  a  focus  on  geophysical 
applications.  Results  obtained  to  date  are  very  promising.  The 
sensor  has  been  operated  in  tlie  field  totally  unshielded  without  any 
deteriorated  performance  compared  to  its  performance  shielded. 
Magnetometer  performance  of  140  tT/Hz'^  at  I  Hz  has  been 
demonstrated  under  stationary  field  conditions.  This  performance  is 
a  factor  over  50  times  better  than  the  performance  obtained  from  the 
best  commercial  fluxgate  magnetometers.  The  3  High-T^  SQUID 
magnetometer  circuits  in  this  unit  have  been  working  reliably  for 
over  one  year  without  failure  [25]. 

VII.  The Three^ensor  Gradiometer 

One  advantage  of  the  niobium-based  superconducting  technology, 
especially  for  mobile  operation,  is  the  ability  to  fabricate  large  scale 
counter-wound  gradiometer  sense  loops  using  either  niobium  wire  or 
multi-layer  thin  films  with  crossovers.  This  allows  signal  subtraction 
using  very  low-noise  passive  circuits  prior  to  signal  processing  with 
active  amplifier  circuits,  which  greatly  reduces  dynamic  range 
requirements  from  the  active  electronics.  A  gradiometer  can  be 
configured  using  two  independent  magnetometers  with  signal 
subtraction  performed  at  the  output  of  the  two  magnetometers.  The 
CSS  pursued  this  approach  in  the  early  1970’s  using  fluxgate 
technology.  Good  stationary  performance  was  obtained  at  that  time, 
but  there  was  insufficient  dynamic  range  in  the  processing  of  the 
differential  signals  to  operate  the  sensor  in  motion. 

In  order  to  circumvent  this  dynamic-range  limitation  arising  by 
differencing  two  individual  magnetometer  signals  during  mobile 
operation,  a  novel  approach  patented  by  IBM  Research  is  being 
pursued  [26],  [27].  A  third  magnetometer  is  used  for  common 
mode  rejection,  feeding  back  a  signal  to  the  two  primary 
magnetometers  which  nulls  out  the  ambient  background  field.  This 
concept  is  denoted  as  the  three-sensor  gradiometer  (TSG).  The 
concept  is  depicted  in  Fig.  15  for  one  case  in  which  foere  are  two 


Figure  14.  3>channel  high-T  magnetometer. 
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Figure  1 5.  The  tliree-sensor  gradiometer  concept  for  one  case  in  which  there  are  two 
primary  high  SQUID-based  magnetometers  and  a  third  fluxgate  magnetometer 
for  field  nulling. 

primary  high  T^.  SQUID-based  magnetometers  and  a  third  fluxgate 
magnetometer  tor  field  nulling. 

A.  The  Fliagate  Version  of  the  TSG 

The  basic  TSG  concept  has  been  successfully  pursued  using  room 
temperature  fluxgate  magnetometers  (in  place  of  the  SQUID 
magnetometers).  A  laboratory  prototype  of  the  fluxgate  TSG  has 
been  developed  and  demonstrated  (Fig.  16).  This  sensor  features 
four  commercial  3-axis  triad  sets  of  fluxgate  magnetometers  in  a 
planar  squaie  array  with  a  one-foot  diagonal  baseline.  One  triad  set 


Figure  16.  Laboratory  prototype  of  a  S-channel  fluxgate  gradiometer  utilizing  the 
three-sensor  -gradiometer  cbncept. 


of  fluxgate  magnetometers  serves  as  a  reference  to  measure  the  3 
mean  magnetic  field  vector  components  at  the  array.  The  remaining 
three  sensor  triads  are  each  mounted  inside  foeir  own  3-axis 
Helmholtz  coil  sets  which  null  the  mean  magnetic  field  at  the  sensor 
triad.  The  residual  signals  at  the  triads  are  processed  through  their 
commercial  electronics  and  appropriate  combinations  are  subtracted 
via  differential  amplifiei-s.  In  this  manner,  6  tensor  gradient  terms 
cim  be  calculated  of  which  5  £ire  independent.  In  the  laboratory 
prototype,  analog  electronics  are  utilized  to  implement  the  magnetic 
feedbtick  currents  with  manual  feedback  adjustments  determined  to 
an  accuracy  of  5  decimals  by  a  digital  signal-processing  routine. 
Sensitivity  better  than  0.3  nT/m  at  0.1  Hz  in  motion  has  been 
demonstrated  [28],  [29]. 

A  Phase  I  SBIR  has  recently  been  awarded  to  (Quantum 
Magnetics  to  develop  a  mggedized  field-deployable  version 
designed  to  improve  the  performance  of  the  laboratory  prototype. 
This  version  will  be  compact  and  light  weight  for  man-portable 
operation.  It  will  feature  an  integrated  computer  for  fully  automated 
seasor  control  and  signal  processing  and  a  display  to  provide  the 
operator  easy  target  detection,  classification,  and  localization. 

This  sensor  offers  the  opportunity  to  become  the  mainstay  for 
man-portable  magnetic  surveys,  replacing  the  total  field 
magnetometer  by  offering  unambiguous  detection,  moment 
classifcation,  and  localization.  Although  its  range  will  be  limited  by 
factors  of  4  to  10  compared  to  the  superconducting  gradiometers 
described  previously,  this  type  of  sensor  will  provide  a  low  cost 
approach  convenient  for  many  applications  and  will  avoid  a  need  for 
cryogens. 

B.  The  High  T.  Version  of  the  TSG 

A  project  to  develop  and  to  demonstrate  feasibility  of  a  compact 
field-deployable  high-T^  superconducting  gradiometer  concept  for 
mobile  operation  is  being  pursued  by  the  CSS,  IBM  Research,  Ball 
Aerospace,  Quantum  Magnetics,  the  Naval  Research  Laboratory, 
and  Lockheed-Martin.  As  mentioned  previously,  it  has  been 
possible  to  fabricate  high-sensitivity  gradiometers  in  niobium 
technology  by  using  monolithic  wire  or  thin-film  counterwound 
sense  loops.  Neither  wire  or  thin-film  monolithic  loops  can  cunently 
be  manufactured  using  the  high-T^  technology  to  provide  the  higher 
sensitivities  in  motion  offered  by  niobium  technology.  A  high-T^ 
gradiometer  preliminary  design,  has  been  established  based  on  the 
TSG  concept  and  its  performance  in  motion  has  been  modelled.  The 
TSG  approach  circumvents  the  current  limitations  in  high  T^ 
manufacturing  technology,  providing  long  baselines  by  using 
normal  metal  wire  to  connect  the  two  SQUID  magnetometers. 
Further  improvement  in  performance  is  expected  using  the  high  T^ 
SQUID  magnetometers  in  place  of  fluxgate  magnetometers  as  a 
result  of  their  intrinsically  greater  sensitivity.  A  laboratory  test  article 
is  being  developed  to  evaluate  this  concept  (Fig.  17).  This  test  article 
incorporates  two  flux  cubes  with  each  flux  cube  consisting  of  3 
orthogonal  high-T^  SQUID-based  magnetometers  with  dimensions 
of  1  cm-.  The  two  cubes,  separated  by  a  baseline  of  approximately 
30  cm,  permit  the  synthesis  of  3  tensor  gradient  components.  For 
this  test  article,  a  3-axis  fluxgate  triad  is  used  to  provide  the  3 
reference  channels  required  in  the  feedback  loop  to  null  out  the  mean 
ambient  background  field.  This  high  T^  gradiometer  is  expected  to 
surpass  significantly  the  motion  performance  of  any  conventional 
non-superconducting  magnetic  sensor  technology  and  is  projected  to 
have  sensitivity  better  than  that  of  the  low-Tc  SGMS. 
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Figure  17.  Concept  for  the  laboratory  prototype  of  a  3-channel  high-T^ 
superconducting  gradiometer  utilizing  the  three-sensor  -gradiometer  concept. 


Conclusions  AND  Summary 

Magnetic  sensors  provide  one  tool  valuable  for  mobile  search 
operations  and  surveys  for  targets  with  a  significant  magnetic 
signature.  Superconducting  SQUID-based  sensors  theoretically 
represent  the  most  sensitive  of  known  magnetic  sensors. 
SQUID-based  magnetometers  have  been  demonstrated  with 
sensitivities  on  the  order  of  1  fT/Hz*^  at  frequencies  down  to  0.1  Hz, 
while  fluxgate  and  total-field  magnetometers  are  demonstrating 
sensitivities  down  to  1-10  pT/Hz'^  at  0. 1  Hz. 

The  U.S.  Navy  has  developed  the  Superconducting 
Gradiometer/Magnetometer  Sensor,  a  superconducting  gradiometer 
which  has  provided  long-range  detection  compared  to  conventional, 
non-superconducting  magnetic  sensors.  This  sensor  has  been 
utilized  to  demonstrate  a  capability  for  buried  mine  detection  and 
clutter  rejection.  As  a  result  of  the  multi-channel  approach,  the 
sensor  provides  an  accurate  localization  capability  and  multi-target 
discrimination.  The  magnetic  detection-and-classLfication  signal 
processing  developed  in  conjunction  with  the  sensor  has  proven  to 
be  effective,  providing  a  fully  automated,  real  time  capability.  This 
high-tech  sensor  has  provided  reliable,  rugged  performance  in 
undersea  tows  conducted  over  a  period  of  seven  years.  The  sensor 
has  been  operated  in  the  same  tow  vehicle  adjacent  to  a  sonar 
without  a  loss  in  performance.  This  technology  is  available 
off-the-shelf  to  provide  the  greatest  capability  for  magnetic  detection 
and  localization  ever  demonstrated.  Woric  has  continued  recently 
with  this  sensor  under  the  MUDSS  Project  to  demonstrate  its  utility 
for  UXO  survey. 

A  new  approach  incorporating  all  thin-film  niobium  components 
is  being  pursued  for  greater  detection  range  in  mobile  operation.  A 
laboratory  prototype  is  being  evaluated  with  white  noise  on  the  order 
of  50  fT/m-Hz^^  rising  to  approximately  200  fT/m-Hz’^  at  0.1  Hz 
under  stationary  field  conditions.  A  field-deployable  version  is 


under  development  to  be  utilized  in  the  Joint  Countermine 
Advanced  Concept  Technology  Demonstration  in  1998. 

It  is  only  a  matter  of  time  before  high-T^  devices  will  be  available 
with  performance  comparable  to  that  which  has  already  been 
demonstrated  with  low-T^  devices.  Magnetometer  performance  of 
140  fT/Hz”^  at  1  Hz  has  been  demonstrated  under  stationary  field 
conditions.  This  performance  is  a  factor  over  50  times  better  than 
the  performance  obtained  from  the  best  commercial  fluxgate 
magnetometers.  The  benefits  in  reduced  size,  longer  hold  times,  and 
reduced  logistics  and  support  make  the  high-T^  e^proach  attractive 
compared  to  its  low-T^  counterpart. 

The  localization  capability  afforded  by  5-channel  gradiometers 
(and  not  previously  afforded  by  conventional  magnetic  sensors)  is 
expected  to  add  impetus  to  the  acceptance  of  magnetics  for  mobile 
applications.  The  development  of  a  5-channel  fluxgate  gradiometer 
is  currently  in  progress.  Sensitivity  better  than  0.3  nT/m  at  0. 1  Hz  in 
motion  has  been  demonstrated. 

As  a  result  of  a  much  lower  cost  and  no  special  support 
requirements,  such  sensors  will  likely  be  sold  in  larger  numbers  for 
short-range  applications.  Their  wider  usage  would  then  enhance  the 
opportunity  to  display  the  utility  of  the  greater  classification  and 
localization  capabHity  afforded  by  the  5-channel  approach.  With 
greater  acceptance  of  the  5-channel  approach,  end  users  will  likely 
want  to  obtain  sensors  with  greater  sensitivity.  It  is  likely  that  the 
eventual  development  of  high-performance,  reliable  high-T^, 
gradiometers  will  work  synergistically  with  an  increased  acceptance 
of  the  more  powerful  magnetic  signal-processing  approaches. 
Hopefully,  the  time  scales  for  this  supply  and  demand  will  be 
commensurate  and  so  expedite  sensor  developmental  efforts. 
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Passive  Mine  Detection 


Charles  H.  Dabney 
TRW 


Background 

In  the  past  the  primary  mission  of  lUSS  (Integrated  Undersea  Surveillance 
System)  has  been  the  detection  of  submarines  and  surface  craft  in  deep  water. 
The  changing  political  climate  in  the  world  has  resulted  In  a  redefining  of 
threat  priorities  to  include  shallow,  as  well  as  deep  water.  The  inclusion  of 
shallow  water  operations  as  part  of  the  primary  mission  will  result  in  lUSS 
sensors  in  waters  where  mining  might  t^e  place  and  raises  the  issue  of  what, 
if  any,  role  could  these  sensors  play  in  Mine  Counter  Measures  (MCM) 
operations.  To  address  this  issue  lUSS:  (1)  Studied  acoustical  signals  related  to 
mining;  (2)  Assessed  the  detectability  of  mines  by  passive  and  low  frequency 
active  sensors;  and  (3)  Completed  several  Mine  Exercises  (MINEX)  to  measure 
the  detectability  of  acoustic  signal  related  to  mining.  At  the  lime  of  this 
writing  two  MINEX  test  have  been  completed  and  a  third  is  in  progress.  TWo 
additional  MINEX  test  are  proposed  for  later  this  year.  TTiis  paper  describes 
work  in  progress,  it  gives  the  results  of  the  analysis  of  measurements 
complete,  and  assess  the  potential  of  passive  sensor  support  to  MCM 
operations. 

Technical  Issues 

The  goals  of  passive  detection  are  two  fold.  First,  complement  other  sensors. 

For  example,  attempts  by  the  threat  to  minimize  exposure  to  overhead  sensors 
by  completing  the  mine  deployment  mission  in  a  shon  time  or  at  night  can 
increase  the  threat's  vulnerabilities  to  passive  detection  means,  exploit  this 
vulnerability.  Second,  without  alerting  the  threat,  locate  mine  fields  and:  (a) 
provide  an  early  warning  to  allied  forces  that  hostilities,  mining,  have  begun, 
(b)  reduce  the  time  for  dedicated  MCM  forces  to  clear  lanes  and  areas,  and  (c) 
identify  lanes  and  areas  that  have  not  been  mined. 


To  achieve  these  goals  several  technical  issues  have  to  be  addressed,  llie  MINBX 
lest  series  are  designed  to  address  the  following: 

(1)  Identify  mechanical  induced  acoustical  events  that  are  related  to  mine 
types  and  deployment  methods,  and  asse.s.s  their  robustness. 

(2)  Measure  the  radiated  acoustical  signal  associated  with 
identified  acoustical  events. 

(3)  Measure  the  environments  effects  on  signals  identified. 

(4)  Measure  the  radiated  acoustic  signature  of  vessel  types  that 
might  be  used  in  mine  deployments. 

(5)  Quantify  signals  that  are  potential  sources  of  false  alarms 

(6)  Assess  sensor  requirements  for  the  deteaion  of  mining. 

(7)  Assess  signal  processing  requirements. 

(8)  Assess  false  alarms  (sources  and  rates). 
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Mechanical/Acoustical  Sounds 

A  mine  positioned  for  deployment  has  potential  energy  that  is  a  function  of  its 
height  above  the  water  and  weight. 

Energy  =  Weight  X  Height. 

Releasing  the  mine  to  fall,  convens  the  potential  energy  to  kinetic  energy 
(proportional  to  the  mass  and  velocity  squared), 

Energy  =  1/2  X  Mass  X  Velocity^’ 

The  sounds  that  are  produced  as  the  mine  deploys  is  the  result  of  acoustical 
waves  generated  as  the  mine  loses  energy  during  deployment,  before  coming 
to  rest  on  the  bottom  (surface  impact,  bubble  plume  that  forms  in  the  cavity  as 
the  mine  submerges,  cable  payout  for  moored  mines,  bottom  impact,  etc.).  This 
paper  gives  the  results  to  date  in  an  attempt  to  answer  the  question;  Is  the 
acoustical  energy  associated  with  mining  exploitable  (time  sequence,  energy 
level,  bandwidth,  duration  and  transmission  losses)? 

MINEX  Test  Series 

MINEX  I  and  MINEX  II  were  designed  to  investigate  the  acoustic  energy 
radiated  by  mines  as  they  are  deployed.  Data  collected  during  these  test  has 
provided  insight  into  issues  (1),  (2),  (3),  (6)  and  (7).  MINEX  III  was  designed  to 
investigate  detection  performance  against  mine  deployments  and  deployment 
craft.  Data  collected  during  this  e.xercise  will  provide  insight  into  issues  (3), 

(4),  (5),  (6),  (7),  and  (8).  MINEX  IV  was  designed  to  achieve  the  same  objectives 
as  MINEX  III  but  in  a  different  area  and  with  a  different  sensor  design.  MINEX 
V  is  designed  to  investigate  mine  detection  using  low  frequency  active 
acoustics.  A  discussion  of  low  frequency  active  is  beyond  the  scope  of  this 
paper. 

The  MINEX  series  of  test  are  an  ambitious  first  step  to  collect  data  to  assess  the 
performance  of  lUSS  type  sensors  in  MCM  operations.  This  paper  discusses  the 
resulting  acoustic  signatures  that  were  derived  from  MINEX  data,  the 
mechanical  sources,  the  range  related  detection  performance,  and  the  array 
and  processing  requirements.  The  relationship  of  mechanical  events  with 
acoustical  events  is  necessary  to  show  the  potential  for  robustness  in  the  mine 
signatures.  Inclusion  of  lUSS  type  sensors  in  MCM  operations  in  fleet  exercises 
will  provide  further  insight  into  the  potential  of  passive  detection  of  mining. 
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Autonomous  Detection  and  Classification  of  Bottom  Objects  with 

Multi-Aspect  Sonar 


Robert  W.  Floyd  and  John  E.  Sigurdson 
NCCOSC  RDTE  Division 
San  Diego,  CA 


Abstract  -  Man-made  objects,  such  as  mines,  usually  have 
smooth  surfaces  from  which  specular  reflections  may  be  obtained 
when  viewed  at  the  correct  aspect.  The  actual  scattering  pattern 
is  primarily  determined  by  the  geometry  of  the  surface  of  the 
object,  and  to  a  lesser  extent  by  the  internal  structure.  These 
patterns  can  be  qualitatively  estimated  for  simple  objects,  and 
these  objects  recognized  when  returns  have  been  collected  over  a 
sufficient  change  in  aspect.  An  added  advantage  of  looking  for 
specular  returns  is  that  they  normally  provide  a  much  higher 
echo  to  noise  or  reverberation  ratio  than  does  scattering  from 
oblique  angles.  This  allows  target  echoes  to  be  collected  with 
relatively  high  detection  rate  for  a  constant  false  alarm  rate 
(CFAR)  detector,  with  most  of  the  detected  signals  discarded  later 
because  the  specular  returns  are  absent. 

Two  sets  of  experiments  were  conducted  at  the  former  NRaD 
Hawaii  Detachment.  The  first  experiment  looked  at  a  set  of 
targets  placed  on  a  sediment  tray  that  could  be  rotated  over  360 
degrees.  Echo  data  were  collected  from  a  variety  of  targets  using 
a  transducer  that  transmitted  a  wide  band,  dolphin  like  signal. 
Targets  were  classified  as  either  natural  objects  (rocks,  coral 
heads),  or  man  made  objects.  Classification  was  100  %  when  the 
targets  were  viewed  over  >180  degrees.  The  performance 
dropped  to  90%  with  aspect  changes  of  60  degrees  to  120  degrees, 
and  dropped  rapidly  for  aspect  changes  below  60  degrees. 

The  second  experiment  looked  at  objects  on  the  bottom  of 
Kaneohe  Bay  while  the  sonar  moved.  To  obtain  wide  band 
signals  with  a  multi-beam  sonar  (120  degree  sector,  40  beams),  an 
acoustic  lens  system  was  constructed.  Data  were  collected 
simultaneously  on  all  40  beams  as  the  sonar  was  towed.  The  data 
were  initially  processed  with  a  CFAR  detector.  The  position  of 
the  sonar  was  determined  by  calculating  a  position  that  gave  a 
minimum  error  in  the  position  of  the  CFAR  detection’s  from  ping 
to  ping.  Over  the  course  of  the  vehicle  (100  meters)  the  absolute 
navigation  error  was  measured  to  be  less  the  25  cm.  Once  the 
position  of  the  vehicle  had  been  estimated  for  each  ping,  target 
files  containing  the  echoes  at  all  aspects  for  each  point  on  the 
bottom  meeting  the  CFAR  criteria  were  developed.  The  files 
were  processed  to  extract  features,  and  the  object  classified  as  to 
man  made  or  natural.  All  targets  placed  in  the  field  were 
detected,  along  with  several  buried  objects  that  were  in  the  area, 
but  previously  unknown  to  the  investigators.  Over  90%  of  these 
objects  were  correctly  classified  as  to  man  made  or  natural. 


I.  INTRODUCTION 

The  multi-aspect  classifier  uses  features  derived 
from  multiple  pings  on  a  target  at  varying  aspects 
to  make  a  classification  of  the  target  echo.  Most 
man-made  objects  contain  either  flat  or  curved 
surfaces.  At  certain  aspects,  these  surfaces  give 
rise  to  specular  returns  that  are  significantly 
greater  than  echoes  obtained  from  the  target  at 
oblique  angles  or  from  scattering  surfaces  on  the 
bottom.  By  extracting  a  small  set  of  features 
relating  to  these  scattering  phenomena,  a 
statistical  basis  can  be  obtained  for  separating 
natural  from  man  made  objects.  This  is,  most 
likely,  functionally  equivalent  to  one  of  the 
methods  used  by  the  dolphin  to  successfully 
discriminate  man  made  objects  such  as  mines 
from  other  natural  objects  with  its  biosonar.  In 
certain  cases,  simple  man-made  objects  can  be 
identified  as  a  member  of  a  subclass  of  man-made 
objects  such  as  mines.  The  process  of  developing 
files  for  feature  extraction  also  aids  in  target 
detection.  The  detection  level  for  any  echo  may  be 
set  quite  low  (<9  dB),  with  most  contacts  rejected 
because  there  are  insufficient  threshold  crossings 
over  time,  or  because  the  object  exhibits  no 
specular  returns.  This  ability  to  discriminate 
against  inconsistent  returns,  along  with  the  wide 
bandwidth  of  the  signal,  enable  the  classifier  to 
pick  out  objects  which  are  barely  above  the 
reverberation  level. 

The  target  features  are  derived  from  a  file 
containing  multiple  echoes  of  the  target.  It  is 
assumed  that  the  sonar  with  multiple  preformed 
beams  or  scan-within-pulse  (  SWP)  is  on  a  vehicle 
in  motion,  so  that  the  every  target  passes  through 
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multiple  beams  as  the  vehicle  flies  through  the 
target  field.  To  obtain  these  files,  the  object  must 
be  detected,  tracked,  and  the  section  of  the  return 
containing  the  target  echo  stored  in  memory.  This 
in  turn  requires  that  at  each  ping  the  system  must 
be  able  to  predict  on  which  beam  and  at  what 
range  the  echo  from  each  target  will  occur. 

The  system  concept  is  shown  in  figure  1 .  The 
received  echo  is  passed  through  a  constant  false 
alarm  receiver  (CFAR).  If  the  signal  exceeds  a 
threshold,  it  is  passed  to  the  target  tracker.  The 
tracker  gets  the  current  position  of  the  vehicle 
from  the  navigation  processor,  and  calculates  the 
position  on  ground  of  the  new  contact.  If  the 
tracker  already  has  a  contact  in  the  vicinity,  the 
new  echo  is  appended  to  an  existing  file. 
Otherwise,  a  new  track  is  established.  If  a  target 
track  has  been  established  for  a  contact  at  a 
particular  location,  data  from  that  location  will  be 
added  to  the  file  even  if  the  echo  is  not  strong 
enough  to  trigger  the  CFAR. 


Figure  2.  Schematic  diagram  of  the  coverage  of  the  lens. 
During  data  collection,  the  lens  looked  out  90°  relative  to 
the  direction  of  travel  along  a  wire  mounted  parallel  to  the 
pier  (left).  The  vertical  coverage  extended  12°  down  from 
the  center  of  the  lens.  To  get  coverage  of  the  near  targets, 
the  entire  lens  was  tilted  down  2-3°. 


While  the  above  description  applies  to  a  system 
in  which  data  are  processed  on  the  fly,  we  used  a 
different  non-tracking  method  for  target  detection 
and  data  extraction  to  be  described.  Also,  all  data 
were  collected  and  processed  off  line.  This 
allowed  us  to  process  the  data  in  several  stages, 
which  included  pre-processing,  establishing  a 
vehicle  track,  initial  detection  and  clustering  of 
simple  contacts  into  objects,  and  finally  target- 
data  extraction.  Besides  avoiding  the  cost  of  a 
real  time  processor,  this  method  allowed  greater 
efficiency  in  optimizing  the  low  level  detection 
and  data  extraction  algorithms.  We  chose  an 
acoustic  lens  developed  by  the  Applied  Physics 
Laboratory  of  the  University  of  Washington  as  our 
multi-beam  sonar  for  two  reasons.  First,  the 
acoustic  lens  is  a  very  compact,  low  power  SWP 
sonar  which  makes  it  attractive  for  small 
autonomous  vehicles.  Second,  at  the  time,  an 
acoustic  lens  was  the  only  sonar  that  provided  50 
kHz  bandwidth  with  120°  aspect  coverage  that 
could  rapidly  be  developed. 

The  data  collection  and  analysis  were  conducted 
in  two  stages.  The  first  set  of  data  were  collected 
by  ensonifying  different  targets  on  a  rotating  tray 
of  sediment  with  a  sonar  in  a  fixed  position  and  a 
second  set  of  experiments  in  which  a  large  target 
field  was  placed  on  the  bottom  and  the  multi-beam 
sonar  was  moved  past  the  field  (Figure  2).  In  the 
first  phase  the  targets  were  selected  by  the 
investigators.  In  the  second  experiment,  the 
targets  were  selected  and  placed  by  another  group 
in  two  tests,  one  in  which  the  investigators  knew 
which  objects  were  placed,  and  a  second  in  which 
the  targets  and  their  positions  were  unknown.  The 
data  of  the  unknown  targets  will  be  presented 
here. 


II.  SAND  BOX  EXPERIMENTS 

Prior  to  the  availability  of  the  acoustic  lens 
system,  we  collected  data  on  a  small  number  of 
targets.  The  purpose  of  these  tests  was  to  get  a 
preliminary  idea  of  which  features  would  prove 
effective,  and  to  make  an  estimate  of  the 
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minimum  angle  of  aspect  change  over  which  we 
could  reliably  classify  the  contacts.  For  these 
experiments,  the  data  collection  system  consisted 
of  a  rotating  sand  box  in  the  test  pool  on  which  the 
targets  were  placed,  and  two  wideband  data 
collection  systems  using  40  kHz  BW  pings 
centered  at  100  and  300  kHz.  It  was  expected  that 
any  frequency  dependency  of  this  method  would 
show  when  using  such  a  wide  range  of 
frequencies.  Data  were  collected  by  pinging  on 
the  target  at  one  degree  increments.  Several  pings 
were  taken  at  each  angle  to  ensure  that  we 
obtained  a  good  echo  at  each  aspect.  In  practice, 
this  was  not  a  problem  and  we  created  our  data 
files  taking  the  first  ping  at  each  angle.  These 
data  then  became  our  target  files. 

We  attempted  to  use  a  fairly  broad  range  of 
targets.  These  included  simple  geometric  targets 
such  as  spheres  and  cylinders,  more  complicated 
objects  such  as  chairs,  a  trash  can,  500  LB  bomb, 
etc.,  and  representative  natural  objects  including 
rocks  and  coral  heads. 

A.  Target  characteristics. 

As  expected,  the  various  objects  showed  strong 
scattering  characteristics  related  to  their  geometry. 
The  differences  between  the  patterns  taken  at  300 
kHz  and  100  kHz  were  not  obviously  different  for 
the  individual  targets.  However,  at  100  kHz  the 
signal  penetrated  the  6  inches  of  sand  in  the 
sediment  tray  to  reveal  the  structure  of  the  tray. 

Figure  3  is  an  example  of  four  of  the  targets 
used  in  the  sand  box.  The  item  on  the  top  right 
was  a  flooded  aluminum  cylinder  of  15  cm. 
diameter  and  50  cm.  length  laying  on  its  side.  The 
extremely  narrow  lobes  were  from  the  sides,  and 
the  broader  lobes  from  the  top  and  bottom  plates. 

The  target  at  top  left  was  a  500  LB  bomb.  The 
two  relatively  broad  lobes  were  from  the  curved 
sides,  and  the  smaller  split  lobes  at  60°  were  from 
the  tail.  From  the  front  of  the  bomb,  the  echo  level 
is  not  significantly  above  the  reverberation,  and  it 
would  probably  not  be  detectable  from  that  aspect 
alone. 

The  bottom  left  is  a  lava  rock  with  irregular 
faces.  There  are  a  few  specular  reflections,  but 


these  are  not  as  high  as  those  from  the  cylinder 
and  bomb.  However,  its  mean  target  strength  is 
higher  than  either  the  bomb  or  the  cylinder. 

The  last  target  illustrated  was  a  small  coral  head 
that  had  numerous  small  branches  rather  than 
being  a  dense  mass.  It  had  no  major  specular 
reflections,  and  its  mean  target  strength  was  also 
low. 

90  90 


90  90 


Figure  3.  Examples  of  the  scattering  strength  vs. 
aspect  of  four  targets  from  the  sandbox  tests. 


B.  Sandbox  results 

Since  the  target  position  was  known  a  priori  and 
the  signal  to  noise  ratio  was  high,  there  was  no 
special  signal  processing  used.  We  had 
hypothesized  that  man-made  objects  could  be 
separated  from  natural  targets  based  strictly  on 
scattering  statistics.  The  peak  amplitude  of  the 
echo  at  each  aspect  was  taken.  For  each  target,  the 
following  set  of  features  were  generated  from  the 
array  of  maxima: 

a.  The  standard  deviation  of  the  maxima 

b.  The  maximum  to  mean  of  the  maxima 

c.  The  maximum  to  mode  of  the  maxima 

We  expected  man-made  targets  to  have  relatively 
high  values  for  each  of  these  because,  typically, 
the  scattering  energy  would  be  concentrated  at  a 
small  number  of  aspects. 

To  make  the  classification,  the  geometrical 
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center  in  feature  space  of  the  targets  was 
calculated.  For  each  target  being  tested,  the 
feature  archetype  was  recalculated  with  the  test 
target  excluded.  The  classification  was  made 
based  on  the  distance  of  the  test  target  in  feature 
space  from  these  archetypes.  When  360°  of  data 
are  used  to  make  the  classification,  the 
performance  was  100%. 

In  any  realistic  system,  it  is  unlikely  that  any 
target  would  be  viewed  over  more  than  140°  of 
aspect  change.  Therefore,  the  same  detection 
criteria  were  applied  to  target  files  in  which 
limited  aspects  were  available  for  viewing.  This 
was  intended  to  simulate  what  a  vehicle 
proceeding  on  a  straight  path  would  see.  This 
scenario  was  simulated  by  using  limited  portions 
of  the  360°  files  at  different  starting  points.  For 
example,  when  testing  how  the  system  would 
perform  when  the  target  was  seen  over  90°,  we 
would  take  90°  segments  at  every  15°  and 


Table  I 

Moderate  angle  classification  performance  of  the  multi 
aspect  classifier.  (N-natural,  A-man  made) 
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compute  the  three  features.  This  feature  was  then 
compared  to  the  archetype,  which  had  been 


computed  using  the  full  360°.  Table  1  shows  the 
performance  of  the  system  at  various  portions  of 
aspect  change  in  terms  of  the  probability  of 
making  a  correct  choice,  the  probability  of 
correctly  identifying  a  contact  as  man-made  (PD), 
and  the  probability  of  identifying  a  natural  object 
as  man-made  (PFA). 

These  angles  represent  the  range  in  which  we 
expect  to  work.  Suiprisingly,  there  was  no 


Table  II. 

Small  angle  classification  performance  of  the  multi-aspect 
classifier. 
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difference  in  performance  for  these  targets 
between  60°  and  90°  of  aspect  change.  This  may 
be  a  peculiarity  of  the  combination  of  targets 
chosen  and  the  increments  at  which  we  selected 
data  to  obtain  features.  On  the  other  hand,  these 
numbers  are  not  too  different  from  what  was  later 
achieved  with  the  moving  sonar. 

We  had  expected  to  see  a  pronounced  drop  in 
performance  as  we  approached  60°.  Since  this  did 
not  happen,  we  continued  to  narrow  the  aspect 
change,  from  50°  down  to  30°.  Over  this  range, 
the  performance  dropped  rapidly.  This  indicates 
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that  data  collected  over  aspect  changes  of  less 
than  60%  will  not  be  very  reliable.  In  a  sense,  the 
results  may  be  worse  than  they  appeared.  The 
performance  was  strongly  affected  by  the  coral 
heads  and  the  chair.  The  coral  heads  always 
looked  like  natural  objects,  and  the  chair  almost 
always  looked  like  a  man  made  object.  In  practice, 
this  suggests  that  large/complex  objects  will 
probably  be  detected  with  a  minimal  aspect 
change,  but  that  other  objects  may  need  at  least 
60°  to  be  classified  with  any  confidence 

III.  FUEL  PIER  EXPERIMENTS 

The  data  at  the  fuel  pier  were  collected  with  the 
acoustic  lens  sonar  (fig  2).  The  sonar  was 
configured  as  two  identical  banks  of  electronics, 
each  controlling  20  beams.  Each  receive  beam 
was  3°  horizontal  by  12°  vertical.  The  envelope  of 
each  return  was  band  limited  to  30  kHz  and 
sampled  at  70  kHz  with  a  12  bit  analog  to  digital 
converter.  These  samples  were  serial  multiplexed 
and  sent  to  the  recording  system  over  a  fiber  optic 
link  at  16  mbit/sec.  The  data  was  record  on  an 
Thorn/EMI  recorder,  and  later  transferred  to  an 
optical  disc. 

The  sonar  returns  and  sonar  orientation  data 
were  used  to  produce  a  map  of  all  contacts,  their 
3-D  coordinates  relative  to  the  initial  position  of 
the  vehicle,  and  a  separate  file  of  sonar  data  for 
each  contact  that  met  certain  criteria.  The  system 
incorporates  a  complete  general  model  for  the 
dynamic  geometry  of  a  mobile,  multiple-beam 
sonar  and  includes  methods  for  correcting 
differences  in  sensitivity  between  beams  in  situ 
and  resolving  the  azimuth  ambiguity.  The  system 
is  implemented  in  APL*PLUS  II. 

The  analysis  is  completely  automated  and 
proceeds  in  three  stages,  navigation,  mapping  and 
target-file  extraction.  In  navigation,  a  subset  of 
the  sonar  contacts  and  the  attitude  sensors  are 
used  to  determine  an  accurate  track  of  the  sonar 
platform  over  the  ocean  bottom.  In  the  mapping 
stage  the  locations  of  simple  contacts  are 
determined  from  the  data  of  each  ping.  The 


contact  information  from  all  pings  is  integrated  to 
locate  clusters  of  simple  contacts  that  define 
objects.  Although  the  present  demonstrations  use 
relative  signal  strength  as  the  defining 
characteristic  of  a  contact  in  both  the  navigation 
and  mapping  stages,  those  stages  are  independent. 
In  other  words,  different  processing  and  criteria 
may  be  used  to  establish  contacts  in  the  two 
stages.  In  the  final  stage  of  mapping,  data  specific 
to  a  detected  target  are  isolated  and  extracted  for 
subsequent  classification. 

With  the  fuel  pier  data,  the  mapping  system 
established  a  3-D  space  of  the  ocean  as  a  common 
frame-of-reference  for  all  geometrical  analyses 
and  used  stochastic  methods  to  estimate  contact 
position. 

A.  Preliminary  processing 

The  processing  requires  that  the  signals  be 
normalized  for  differences  in  sensitivities  between 
beams.  The  correction  was  taken  from  a  one-time 
calibration  of  the  sonar.  Using  pings  of  an  actual 
sonar  run,  the  value  in  each  range-bin  of  each 
beam  was  measured  across  pings,  the  measures 
sorted  and  a  value  at  a  constant  index  of  the  sort 
order  was  selected  as  a  typical  return  for  each 
range-bin.  The  index  chosen  avoided  abnormally 
low  or  high  returns  from  our  introduced  targets. 
An  array  that  was  isomorphic  with  a  typical  array 
of  ping  data  was  formed  with  these  values  for  use 
in  subsequent  DC  correction  of  the  raw  ping  data. 

B.  Navigation 

The  pivotal  feature  of  the  mapper  is  the 
establishment  of  a  frame-of-reference  in  ocean- 
space  relative  to  the  start  of  data  collection,  and 
the  determination  of  the  ping-to-ping  position  and 
attitude  of  the  sonar  head  as  it  moves  through  that 
space.  The  mapper  starts  with  an  estimated  track 
through  ocean-space  and  then  brings  that  estimate 
closer  to  the  true  track  by  navigating  on  available 
bottom-features.  The  complex  geometry  of  the 
sonar  beams,  the  sonar  head,  the  sonar  body,  the 
platform  carrying  the  sonar  and  their  relation  to 
the  3-D  space  of  the  ocean  are  described  by  a 
model  with  a  planar  array  for  the  beams  and  four. 
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3-D  coordinate  systems,  one  for  each  component. 
The  complete  model  accounts  for  rotation  of  any 
axis  of  any  coordinate  system  or  translation  of  any 
coordinate  system  relative  to  the  others  on  a  ping- 
to-ping  basis.  Further,  any  additional  system  (e.  g. 
a  side-scan  sonar)  and  its  data  can  be  integrated 
into  the  model  thus  fusing  the  sonar  fields  of  both 
systems  into  a  single  deterministic  geometry. 

The  point  on  the  ocean  floor  beneath  the  sonar 
platform  on  the  first  ping  of  a  run  is  taken  as  the 
reference  coordinate  (0,0,0)  for  the  run  and  an 
estimate  of  the  platform's  track  is  made  from  its 
estimated  course  and  speed.  This  track  is 
subsequently  corrected  by  comparing  the 
distribution  in  ocean-space  of  the  dozen  or  so 
strongest  contacts  on  a  given  ping  with  the 
distribution  of  the  strongest  contacts  detected  ten 
pings  later.  An  iterative  series  of  comparisons  is 
made  between  the  two  patterns  while  varying  the 
offset  in  the  direction  of  travel  until  the  offset  of 
maximum  registration  between  patterns  (or 
minimum  divergence)  is  obtained.  A  correction 
based  on  the  difference  between  the  estimated  and 
corrected  position  of  the  second  ping  is  applied  to 
the  estimated  track  between  the  two  pings  and  the 
process  is  repeated  using  the  newly  corrected 
location  as  the  basis  for  the  next  correction  etc.. 

The  present  demonstration  uses  a  wire-guided 
progression  of  the  sonar  platform  and  requires 
corrections  along  only  the  direction  of  travel  but, 
this  method  is  easily  extended  for  correction  in 
three  dimensions.  The  method  does  not  depend  on 
the  "tracking"  of  specific  contacts  from  ping-to- 
ping  but,  rather,  relies  only  on  the  likelihood  that  a 
high  proportion  of  objects  or  features  that  are 
detected  as  strong  targets  at  one  position  will  also 
be  detected  as  such  when  the  sonar  has  advanced 
only  a  few  meters.  That  is,  the  method  is  designed 
to  continuously  adapt  to  the  ever-changing 
population  of  objects  moving  through  the  sonar 
field  and  the  ever-changing  aspects  that  they 
present  to  the  sonar.  Also,  note  that  although  there 
is  inherent  error  in  estimating  a  given  contact's 
position  on  a  single  ping  due  to  beam-width,  the 
position  errors  of  multiple  contacts  between-pings 
are  random  and  tend  to  cancel  one  another  when  a 


sufficient  sample  size  is  used  with  a  maximum 
registration  criterion. 

C.  Mapping 

With  the  corrected  track  as  the  basis  for  back 
projection  of  sonar  contacts  into  ocean-space,  a 
file  of  simple-contact  coordinates  is  generated.  A 
graph  of  all  the  contacts  detected  in  the 
demonstration  appears  at  the  top  of  Figure  4.  The 
vehicle  travels  along  the  ordinate  (parallel  to  the 
pier)  with  the  center  beam  of  the  sonar  oriented 
perpendicular  to  the  pier.  The  track  starts  at  the 
intersection  of  the  ordinate  and  abscissa  and 
proceeds  upward  along  the  ordinate  to  44m. 
Objects  appear  as  smeared  concentrations  of 
points  in  the  graph  due  to  the  imprecision  of  the 
3°  beam  width,  environmental  noise,  side-lobes, 
beam-straddles,  and  the  3.6  to  1  vertical 
compression  of  the  graph.  The  environmental 
noise  is  caused  by  high  concentrations  of  snapping 
shrimp  in  Kaneohe  Bay.  The  first  four  corrections 
to  the  contact  data  involve  resolution  of  electronic 
noise,  environmental  noise,  side-lobes  and  beam- 
straddles.  As  these  forms  of  interference  appear 
on  the  affected  beams  simultaneously,  the 
collective  term  "time-correlated-interference" 
(TCI)  is  used  to  describe  them  as  a  group  and  a 
single  algorithm  is  used  for  their  identification  and 
resolution.  Sets  of  contacts  identified  as  electronic 
or  environmental  noise  are  eliminated  from  the 
file  while  sets  of  points  determined  to  be  either 
side-  lobes  or  beam-straddles  are  resolved  to  a 
single  contact  at  the  location  with  the  largest 
aggregate  energy  in  its  return.  The  center  graph 
of  Figure  4  shows  the  contacts  remaining  after 
removal  of  the  TCI. 

The  next  stage  of  the  analysis  resolves  the 
ambiguity  of  a  contact's  position  resulting  from 
beam  width.  Successive  contacts  on  a  given  beam 
that  display  the  characteristic  pattern  of  motion 
through  the  beam  are  grouped  and  the  average 
ocean-space  position  is  taken  as  the  location  of  the 
contact.  An  index  of  detectability  called  the 
grouping  index  (GI)  is  the  ratio  of  actual  hits  in 
the  grouping  to  the  number  of  possible  hits  that 
could  have  occurred  as  that  specific  beam  passed 
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over  that  specific  point  in  the  ocean.  The  resultant 
contact-data  indices  are  then  aggregated  over  all 
beams  for  all  points,  but  the  aggregations  remain 
identifiable  by  their  high  GI.  The  bottom  graph  in 
Figure  4  shows  the  contact  data  after  reduction  of 
the  position  ambiguity  caused  by  beam-width. 
Here,  the  number  of  points  at  the  location  of 
significant  objects  and  their  spatial  dispersion  are 
reduced  while  weak  contacts  not  associated  with 
objects  remain  unchanged  with  a  low  GI. 

With  the  contact  file  now  free  of  TCI  and  the 
spatial  ambiguity  of  beam  width  reduced,  the 
resulting  contacts  that  fall  within  a  given  distance 
of  each  other  are  gathered  into  a  primary  cluster 
and  the  center  of  that  cluster  is  determined  and 
recorded  as  a  single  point.  The  number  of  contacts 
that  go  into  the  primary  cluster  is  recorded  as  "N". 
The  grouping  indices  of  the  individual  contacts 
that  go  into  the  cluster  are  summed  to  become  the 
grouping  index  of  the  cluster.  A  coverage  index 
(Cl)  is  computed  that  is  the  ratio  of  total  number 
of  pings  in  the  sonar  run  to  the  number  of  pings 
covering  a  given  location.  It  is  used  in  the  last 
stage  as  a  correction  for  objects  that  were  on  or 
rear  the  periphery  of  the  field  and  were  not 
ensonified  as  many  times  as  those  contacts  in  the 
center  of  the  field. 

The  final  steps  in  locating  objects  involve  a 
secondary  clustering  of  primary  clusters  within  a 
minimum  distance  of  each  other  and  sorting  those 
objects  in  descending  order  of  their  aggregation 
scores.  A  cluster  count  (CC)  reflecting  the  number 
of  primary  clusters  subsumed  is  recorded.  Also, 
N  and  GI  are  updated  to  reflect  the  sum  of  those 
parameters  for  the  primary  clusters  subsumed. 


ez 
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Figure  4.  The  stages  in  target  detection.  The  top  figure 
shows  all  of  the  initial  simple  contacts  where  each  dot 
indicates  a  threshold  crossing.  The  middle  figure  is  the 
contacts  remaining  after  time-correlated-interference  such  as 
side  lobes  and  snapping  shrimp  has  been  removed.  The 
bottom  shows  the  final  stage  after  azimuth  ambiguity  has 
been  reduced.  The  successive  reduction  in  overall  blackness 
shows  the  elimination  of  noise  and  azimuth  ambiguity. 
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Figure  5,  A  plot  of  the  demonstration  contacts.  The  direction  of  travel  along  the  pier  is  towards 
the  top  of  the  page.  Tlie  contacts  detected  beJow  the  horizontal  line  were  outside  our  target  field 
and,  therefore,  not  classified.  There  is  an  approximately  5:4  vertical  compression  of  the  scale. 
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Figure  6.  A  portion  of  the  object  table.  The  table  lists  the  objects  in  descending  order  of  HFI 
scores  with  their  respective  ocean  coordinates  and  indices  already  described.  The  cross-tabulation 
beginning  in  column  A  gives  each  object’s  distance  in  meters  to  all  other  objects  of  the  set. 
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This  cumulative  GI  is  multiplied  by  Cl  (i.  e.  the 
correction  for  peripheral  objects)  to  produce  a 
corrected  GI  or  hit-frequency-index  (HFI)  for  the 
final  clustering.  In  the  generation  of  the  object 
map,  cross-tabulations  and  object  data  files,  all 
objects  are  sorted  on  the  basis  of  their  HFI  scores 
and  those  above  a  given  threshold  are  reported  and 
passed  for  subsequent  classification.  Figure  5 
shows  a  final  map  of  the  objects  with  HFI  scores 
greater  than  1 .5  that  had  a  minimum  distance  for 
primary  clustering  of  .2m  and  a  minimum  distance 
for  secondary  clustering  of  1 .2m.  Labeling  proceeds 
from  A  to  Z  and  then  from  AA  to  ZZ  etc..  Figure  6 
is  a  log  of  all  contacts.  In  this  and  other  tests  with 
other  target  distributions,  the  mapper  method 
routinely  detected  all  artificial  targets  and 
intentionally  placed  natural  objects  by  setting  the 
HFI  criterion  to  include  fewer  than  20%  more  than 
the  number  of  intentionally  placed  targets.  This 
demonstrates  the  method’s  ability  to  achieve  high 
discriminability  between  small  targets  and 
background  while  maintaining  an  extremely  low 
false  alarm  rate. 

D.  Target-file  extraction 

The  process  of  creating  target  files  for  feature 
analysis  consists  of  extracting  echo  data  from  each 
ping  about  the  estimated  location  of  a  point  on  the 
leading  edge  of  the  target.  A  series  of  range-bin 
values  is  taken  from  each  ping  on  each  beam  as 
long  as  that  beam  is  encompassing  the  target  (later 
versions  of  the  method  extract  only  the  one  ping 
that  occurs  as  each  beam  crosses  and  is  centered  on 
the  leading-edge  point,  a  process  that  yields,  at 
most,  40  returns  for  each  target  with  a  40-beam 
sonar).  Viewed  from  overhead,  each  such  return 
begins  before  that  point,  crosses  through  the  point 
and  continues  a  distance  beyond  that  is  determined 
by  an  estimate  of  the  spatial  extent  of  the  target. 
When  successive  returns  are  gathered  into  a 
rectangular  array  and  graphed,  as  in  Figure  7,  there 
is  a  tendency  for  the  leading  edges  of  the  target- 
returns  for  a  point  target  to  fall  away  slightly  when 
the  sonar  is  viewing  it  from  either  extreme  aspect 
and  to  show  systematic  drift  across  the  beams  as  a 
function  of  accumulating  navigation  error  across 


the  run.  Figure  7  is  an  example  of  the  target  file 


Figure  7.  This  is  the  target  file  from  a  point  target  (tri-  plane). 
The  echo  data  are  plotted  in  the  lower  half.  Each  trace  is  256 
samples,  or  approximately  1  meter  in  length.  The  top  trace  is 
a  histogram  of  the  maxima  from  each  trace.  The  target 
features  used  are  derived  from  these  maxima. 

from  a  tri-plane,  which  appears  to  the  sonar  as  a 
point  target.  Note  that  the  target  echo  is  consistently 
near  the  center  of  the  file.  This  indicates  that  the 
estimated  position  of  the  leading  edge  point  was 
extremely  precise  -  within  2-5  cm.  The  drift  across 
the  file  of  about  20  cm  indicates  that  degree  of 
cumulative  navigation  error  across  the  40+  m  run. 
That  is,  the  navigation  correction  method  employed 
resulted  in  only  about  20  cm  per  40  m  of  advance 
which,  in  a  real-world  application,  could  be 
corrected  periodically  with  internal  inertial 
reference,  an  external  reference  or  prepositioned 
reference  targets. 

E.  Features  of  demonstration  targets 

As  in  past  experience,  the  man-made  targets 
tended  to  be  spread  out  in  feature  space. 
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Nevertheless,  it  is  possible  to  group  them  in  three 
broad  categories:  complex  targets  with  multiple 
strong  scattering  surfaces;  simple  targets  with  one 
strong  reflecting  surface  or  point;  and  targets  with 
no  strong  scattering  surfaces.  The  latter  were  the 
only  targets  likely  to  be  confused  as  a  natural  target. 

Complex  targets  include  those  with  several 
scattering  points  and  also  the  case  of  two  or  more 
small  targets  within  about  a  meter  of  each  other. 
The  multi-aspect  classifier,  at  this  stage  of 
development,  does  not  distinguish  between  two 
objects  close  together  versus  two  objects  connected 
by  a  component  with  a  low  scattering  strength. 


Figure  8.  The  scattering  strength  plot  of  a  trash  can.  The  top 
plot  is  a  histogram  of  the  maxima  for  all  the  pings.  On  the 
waterfall  plot,  each  line  represents  a  sample  section  of  the 
echo  that  is  approximately  two  meters  long.  In  this  case  the 
target  was  in  view  for  107  pings,  and  107  lines  are  shown. 
Each  line  is  at  a  different  aspect,  but  the  change  in  aspect 
depended  on  target  range,  vehicle  speed,  etc.. 

Figure  8  is  an  example  of  a  moderately  complex 
target.  It  is  a  trash  can,  and  reflects  strongly  from 


the  side,  top  or  bottom,  and  at  corners  near  the 
bottom.  As  seen  in  figure  8,  at  most  aspects  there 
were  three  distinct  returns.  After  the  initial 
reflection  there  is  some  scattering  from  various 
protuberances,  such  as  handles,  on  the  side. 
Although  it  is  possible  to  imagine  the  scattering 
strength  plot  representing  a  hollow  object, 
remember  that  the  scattering  is  plotted  as  a  function 
of  aspect  change,  not  linear  travel. 

Figure  9  is  an  example  of  two  simple  targets  near 
each  other,  in  this  case  two  cement  blocks. 


Figure  9.  The  scattering  strength  plot  of  a  two  cement  blocks. 
The  'X'  pattern  caused  by  the  change  in  apparent  positions  as 
the  vehicle  passes  by  the  two  targets. 

This  produces  an  'X'  pattern  in  scattering  as  the 
aspect  changes.  When  the  pair  are  first  seen  by  the 
sonar,  one  block  is  closer  to  the  sonar  than  the 
other.  As  the  vehicle  passes  by,  the  separation 
decreases  until  they  are  the  same  range  at  beam 
aspect.  This  is  also  the  aspect  at  which  the  target 
strength  is  the  maximum,  as  seen  by  the  bright 
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reflections.  After  that  beam  aspect  the  distance 
between  the  targets  appears  to  start  increasing 
again,  with  the  original  near  target  now  becoming 
the  far  target. 

In  some  cases  two  adjacent  targets  were  of 
considerably  different  scattering  strength.  Figure 
10  is  the  target  file  that  contains  both  a  tri-plane  and 
wire  mesh.  The  tri-plane  is  a  very  bright  target,  and 
the  plot  is  automatically  scaled  to  the 


Figure  10.  The  scattering  strength  plot  of  a  tri-plane  with  a 
wire  mesh  target  towards  the  back.  The  tri-plane  is  the  bright 
line  across  the  plot,  which  is  typical  of  a  point  target.  The 
small  step  at  the  base  of  each  simple  contact  is  the  plate  that 
Joined  the  two  halves  of  the  tri-plane  and  indicates  the  high 
range  resolution  of  the  system.  The  wire  mesh  is  more  diffuse 
and  much  lower  in  amplitude. 

range  of  that  target.  In  a  case  like  this,  the  present 
system  assumes  that  this  represents  a  single  target 
with  two  scattering  clusters. 


Figure  11.  The  scattering  strength  plot  of  an  ammunition  box. 
The  echo  is  more  diffuse  low  in  amplitude  except  at  a  few 
aspects. 

Some  man  made  targets  have  a  very  low 
scattering  strength  except  at  an  aspect  normal  to 
one  of  their  faces.  The  ammunition  box  (Figure  11) 
is  an  example  of  this.  Over  nearly  all  aspects  the 
scattering  is  detectable,  but  at  the  same  level  as 
many  of  the  natural  objects.  However,  for  a  few 
pings  the  sonar  is  normal  to  a  side  of  the  ammo 
box,  which  gives  a  very  large  specular  return. 

Point  targets,  such  as  the  tri-planes  (Figures  7  and 
10)  and  cinder  blocks  are  examples  of  small, 
intense  targets  that  appear  to  be  a  point  source. 
Other  examples  are  spheres  and  vertical  cylinders 
(Figure  12).  These  targets  have  rotational 
symmetry,  so  that  a  specular  return  is  obtained  at  all 
aspects.  These  targets  tend  to  have  a  high  number 
of  hits,  because  there  echoes  are  well  above 
threshold  at  all  angles.  The  same  phenomenon  gives 
them  a  relatively  high  mode,  and  thus  a  low 
max/mode  ratio. 

Low  level  targets,  such  as  the  wire  mesh,  chain 
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clump,  and  metal  plates,  did  not  provide  any  large 
returns.  In  the  case  of  the  mesh  and  chain,  the 
objects  had  no  solid  surface  which  could  generate  a 
specular  return.  The  plates  were  laying  on  the 
bottom,  so  that  an  specular  reflections  was  scattered 
away  from  the  sonar.  Only  Rayleigh  scattering 
from  the  plate  edges  was  available.  Thicker  plates 
(>  1  cm.)  probably  would  have  caused  much 
brighter  reflections. 


Figure  12.  The  scattering  strength  plot  of  a  vertical  PVC 
cylinder.  The  peaks  at  the  right  were  noise  caused  by 
temporary  loss  of  sync  of  the  signal. 

Figure  13  is  the  target  file  of  the  chain  clump.  It 
is  relatively  diffuse  and  of  a  low  intensity  compared 
to  other  man  made  targets.  However,  it  still  had 
characteristics  far  enough  away  from  natural  that  it 
was  classified  as  man  made.  Figure  14  is  the  target 
file  of  a  rock.  Unfortunately  there  were  some  noise 
spikes  that  resulting  in  a  scale  factor  that  makes  the 
rock  echo  look  even  lower  than  it  is.  Figure  15  is 
the  target  file  of  an  aluminum  plate.  There  is 
enough  of  a  target  strength  to  cross  the  threshold  a 
few  times,  but  no  obviously  prominent  target.  This 


was  classified  as  a  natural  object. 

At  the  beginning  of  this  project  we  had 
considered  using  more  sophisticated  characteristics 
such  as  length,  depth,  degrees  of  rotational 
symmetry,  etc..  It  was  possible  in  many  cases  to 
estimate  these  features  by  hand.  However,  because 
of  the  limited  amount  of  data  we  had,  there  was  no 
attempt  made  to  do  a  statistical  analysis  of  these 


Figure  13.  The  scattering  strength  plot  of  a  chain  clump. 
Note  that  it  is  a  diffuse  target  with  weak  highlights. 

features.  If  one  were  to  use  this  method  for 
classifying  particular  objects,  it  should  be  done  with 
a  sufficient  number  of  test  targets.  However,  in  our 
particular  case  we  were  trying  to  make  a  system 
that  could  be  used  to  look  for  generic  man  made 
objects,  with  the  final  classification  based  on 
manual  interpretation  of  the  target  files  coupled 
with  some  a  priori  information  about  the  geometry 
and  structure  of  the  desired  target. 

F.  Data  Rate  Reduction 

The  MAC  has  an  extremely  high  data  rate. 
Assuming  a  5  knot  vehicle  speed  and  200  yard 
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Figure  14.  The  scattering  strength  plot  of  a  rock.  It  is  diffuse, 
and  there  are  no  prominent  highlights. 

swath  width,  approximately  2  x  10  digitized  data 
are  generated  per  square  nautical  mile.  The  data 
rate  would  be  more  extreme  for  sonars  with  more 
beams  used  at  greater  ranges.  This  is  an 
inconveniently  large  amount  to  store  and  later 
review.  With  the  present  method,  most  data  for  a 
given  area  of  bottom  may  be  dropped  as  soon  as 
that  area  passes  out  of  the  sonar’s  beams.  Since 
only  target  files  are  kept,  the  amount  of  data  stored 
drops  considerably.  For  instance,  during  the  demo 

tests  we  saved  approximately  1.2  x  10^  samples  per 
target  file.  The  threshold  we  used  gave  us  12 
unknown  but  presumed  natural  contacts  in  a  45m 
by  60m  area,  which  is  approximately  23K  files  per 
nautical  mile.  Assuming  this  situation  obtains  in  a  1 
sq  mi  search  area,  saving  only  target  files  would 
result  in  about  360M  data  points.  This  is  well  within 
the  capacity  of  current  disk  drives. 

In  searching  for  specific  targets  or  target  types,  it 
would  also  be  possible  to  order  the  detected  targets 


Figure  15  The  scattering  strength  plot  of  an  aluminum  plate. 
This  target  was  no  brighter  than  most  natural  objects,  and  had 
no  obvious  highlights.  It  was  classified  as  a  natural  object. 

according  to  how  close  each  contact  was  to  the 
expected  position  of  the  desired  object  in  feature 
space.  Only  the  target  files  considered  most  likely 
to  be  that  of  the  desired  object  could  be  saved.  One 
could  save  only  the  most  likely  contacts  for  a 
relatively  unimportant  target  or  proportionally  more 
for  a  critical  object. 

The  most  parsimonious  method  would  be  to  save 
only  the  features  of  each  contact.  This  would  drop 
the  storage  to  a  trivially  small  amount  that  could  be 
stored  in  RAM  memory.  This  procedure  would 
preserve  all  the  information  that  we  are  currently 
using  to  identify  the  target,  but  would  not  preserve 
anything  suitable  for  object-data  visualization  by 
the  operator.  Unless  data  storage  is  critical,  and 
until  much  more  is  known  about  the  desired 
contacts,  we  would  not  consider  the  feature-list  to 
be  a  desirable  method. 
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IV.  SUMMARY 

Sonar  data  were  collected  from  targets  that  were 
rotated  in  the  field  of  a  fixed  sonar  and  from 
multiple  bottom-targets  that  were  ensonified  by  a 
mobile,  multi-beam  sonar  as  it  passed  by  their 
position.  A  bottom-mapping  method  that  analyzed 
the  output  of  the  mutli-beam  sonar  was  developed 
for  detecting  bottom-objects  and  extracting  only 
sonar  returns  that  were  relevant  to  each  target.  The 
mapping  method  demonstrated  reliable  detection  of 
all  prepositioned  targets,  including  small  ones, 
while  reducing  false-alarms  to  a  minimum.  In 
analyzing  the  target  data,  most  of  the  man-made 
targets  were  quite  distant  from  the  natural  objects  in 
feature  space.  The  exceptions  were  the  targets 
without  clear  scattering  faces  such  as  the  wire 
mesh,  chain  and  plates.  These  were  all  detectable, 
but  difficult  to  distinguish  from  natural  objects.  If 
the  system  must  detect  such  objects,  it  will  have  a 
fairly  high  probability  of  misclassifying  a  natural 
object  as  man  made.  On  the  other  hand,  the  system 
had  no  problems  with  the  other  man  made  targets 
and  would  have  detected  and  classified  as  man 
made  any  mine  like  objects. 

The  only  natural  target  that  was  classified  as  man 
made  was  the  medium-sized  log.  This  object  had  a 
scattering  pattern  which  appeared  much  like  that  of 
a  horizontal  cylinder.  This  is  not  too  surprising, 
because  the  log  was  much  like  a  cylinder.  Changing 
the  parameters  so  that  the  log  was  classified  as 
natural  would  mean  misclassifying  a  large  number 
of  man  made  objects.  However,  the  probability  of  a 
log  being  on  the  bottom  is  small  enough  that  is 
worth  taking  the  risk  of  a  possible  misclassification. 

V.  CONCLUSIONS 

The  system  used  was  not  intended  for  mine 
hunting,  but  rather  to  develop  algorithms  that  could 
be  used  in  an  autonomous  system  to  locate  and 
classify  as  man-made,  arbitrary  artificial  targets  on 
the  bottom.  At  the  outset,  we  gave  some  thought  to 
the  mine  hunting  problem,  and  decided  that  a 
desirable  sonar  for  mine  detection  and  classification 
should  have  360°  of  coverage,  a  10  kHz  bandwidth. 


and  roughly  80  kHz  center  frequency.  Since  that 
time,  the  Applied  Research  Laboratory  at  the 
University  of  Texas  has  built  the  ANAVQX-2 
swimmer  detection  sonar  for  the  Shipboard  Physical 
Security  Program.  The  ANAVQX-2  has  the  desired 
coverage  and  bandwidth,  and  has  a  center 
frequency  of  68  kHz.  Since  it  was  intended  to  be 
suspended  on  a  davit  from  a  ship  an  operate  in  high 
currents,  it  is  designed  to  be  towed  at  up  2.5  kts. 
Three  of  these  units  have  been  purchased  by  the 
Navy.  One  has  been  in  continuous  use  at  SUBASE 
Bangor  as  part  of  the  Waterside  Security  System, 
but  the  other  two  are  not  yet  committed. 

The  sonar  could  be  operated  from  a  small  craft  of 
35'  in  length  or  greater  that  had  AC  power,  an 
enclosed  cabin,  a  davit/winch  capable  of  handling 
1000  lbs.,  and  the  ability  to  maneuver  and  maintain 
stability  at  2  kts.  For  low  speed  operation  as  a  mine 
hunting  sonar,  the  ANAVQX-2  would  require  no 
modifications  other  than  an  addition  of  a  mass 
memory  board  and  an  additional  processor  board. 
More  extensive  mechanical  modifications  would  be 
required  for  fairing  and  the  tow  bale. 

The  advantages  of  this  sonar  in  terms  of  near  term 
development  and  early  IOC  are  important.  Since 
the  hardware  needed  to  collect  data  for  software 
development  already  exists,  software  and  algorithm 
development  could  begin  almost  immediately. 
Upon  completion  of  the  software  development,  a 
mine  hunting  system  could  be  tested  and  delivered 
to  the  fleet  without  any  further  hardware 
development. 
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Abstract  -  In  this  paper,  we  discuss  a  technique  for  detecting 
conductivity  anomalies  in  sediments,  e.g.,  a  buried  object  in 
sedimentary  layers  under  sea  water,  by  using  the  neural 
network  approach.  The  electric  field  values  are  used  as  the 
inputs  to  the  neural  network  and  the  associated  conductivities 
are  treated  as  the  targets.  The  neural  network  is  then  trained 
to  associate  these  conductivities  and  field  values.  We 
demonstrate  that  a  trained  neural  network  can  be  used  to 
estimate  the  conductivity  of  new  objects  that  were  not 
employed  originally  to  train  the  network. 

1.  Introduction 

One  approach  to  underwater  mine  detection  is  to  image 
objects  with  anomalous  conductivities,  located  in  layers  of 
sediments  under  sea  water.  The  imaging  may  be  carried  out 
via  an  inverse  scattering  scheme  involving  the  collection  of 
low  frequency  electromagnetic  field  data  on  the  surface  of 
the  sea  floor.  It  is  necessary  to  probe  the  sediment  with  low 
frequencies  in  order  that  the  electromagnetic  wave  of  a 
dipole  source  (electric  or  magnetic),  which  is  typically 
placed  a  few  meters  below  the  sea  surface,  can  reach  the  sea 
floor.  This  is  because  the  average  conductivity  of  sea  water 
is  4.5  S/m  and  the  skin  depth  becomes  rapidly  small  with 
increasing  frequency.  In  this  paper,  we  simulate  the  nature 
of  the  low  frequency  electromagnetic  field  at  the  surface  of 
the  sea  floor  by  using  a  technique  similar  to  that  in  Wang 
and  Hohmann  [1]  for  conductors  in  earth.  However,  the 
present  case  presents  the  challenge  of  propagating  dipole 
fields  in  sea  water,  which  is  orders  of  magnitude  higher  in 
conductivity  in  comparison  to  that  of  the  earth.  The 
electromagnetic  simulation  is  carried  out  by  using  a  general- 
purpose  solver  of  Maxwell’s  equations  in  the  time  domain, 
which  is  based  upon  the  application  of  the  Finite-Difference 
Time-Domain  (FDTD)  algorithm  first  introduced  by  Yee  [2] 
and  subsequently  improved  over  the  following  decades  by 
many  workers.  In  its  conventional  form,  FDTD  is  typically 
employed  for  the  solution  of  electromagnetic  field  problems 
at  high  frequencies  because  the  number  of  time  steps 
required  for  the  time-iteration  process  to  converge  becomes 
prohibitively  large  as  the  frequency  of  interest  becomes  low. 
However,  it  is  shown  in  this  work  that  by  treating  the 
displacement  term  in  Maxwell’s  equation  in  a  special  way. 


the  above-mentioned  problem  can  be  circumvented  and  the 
computational  efficiency  can  be  enhanced  by  several  orders 
of  magnitude. 

We  also  present  a  technique  for  detecting  conductivity 
anomalies  in  sediments,  e.g.,  a  buried  object  in  sedimentary 
layers  under  sea  water,  by  using  the  neural  network 
approach.  The  electric  field  values  are  used  as  the  inputs  to 
the  neural  network  and  the  associated  conductivities  are  used 
as  the  targets.  The  neural  network  is  then  trained  to 
associate  these  conductivities  and  field  values.  It  is  shown 
in  this  paper  that  a  trained  neural  network  can  be  used  to 
estimate  the  conductivity  of  new  objects  that  have  not  been 
employed  previously  to  train  the  network. 

2.  The  FDTD  NUMERICAL  MODELING 

We  begin  with  a  summary  of  the  conventional 
computational  procedure  followed  in  FDTD  numerical 
V  modeling.  We  point  out  that  the  conventional  FDTD 
approach  for  low-frequency  scattering  is  inaccurate  because 
the  truncation  of  the  computational  space  with  absorbing 
boundary  walls  does  not  work  well  when  the  dimensions  of 
the  computational  volume  are  only  a  small  fraction  of  the 
wavelengths  involved.  To  alleviate  this  problem,  we 
simulate  the  reflectionless  walls  by  means  of  a  combination 
of  perfect  electric  conductor  (PEC)  and  perfect  magnetic 
conductor  (PMC)  walls,  used  in  two  separate  runs,  and 
average  the  two  results  to  cancel  the  first-order  reflections. 
We  also  point  out  the  importance  of  interpolating  adjacent 
field  samples  to  obtain  the  field  values  at  the  desired  spatial 
coordinates  in  the  lossy  computational  space. 

2. 1  The  Conventional  FDTD 

We  now  summarize  the  conventional  FDTD  technique  as 
follows: 

1.  Fill  the  computational  space  as  shown  in  Fig.  I  with 
Yee’s  cells  [2]. 

2.  Truncate  the  computational  space  with  reflectionless 
walls. 

3.  Place  structure  to  be  analyzed  in  the  computational 
volume. 
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4.  Excite  the  structure  with  a  time-domain  Gaussian  pulse 
whose  width  is  chosen  to  cover  the  frequency 
bandwidth  of  interest. 

5.  Observe  the  transient  wave  form  in  the  time-domain  at  a 
proper  location. 

6.  Compute  the  field  distribution  at  the  frequency  of 
interest  by  using  Fourier  transform. 

Normally,  the  above  procedure  works  well  when  the 
reflectionless  walls  in  Step  2  are  absorbing  boundary 
condition  (ABC)  (MUR  [3])  surfaces,  and  the  dimensions  of 
the  computational  space  are  several  wavelengths  at  the 
minimum.  For  low-frequency  applications,  however,  the 
ABC  walls  behave  like  PMC  walls  and  the  FDTD 
simulation  gives  the  incorrect  field  distribution  as  is 
apparent  from  a  comparison  with  the  analytical  results.  The 
remedy  for  this  difficulty  is  to  use  both  of  the  PEC  and 
PMC  walls  in  the  manner  described  in  the  next  section. 

2. 2  The  Low-Frequency  Computational  Procedure 

In  this  section  a  computational  procedure  that  is  suitable 
for  low-frequency  scattering  application  in  FDTD  numerical 
modeling  is  described  in  detail. 

The  mixed  and  reversely  mixed  PEC  and  PMC  boundaiy 
walls.  Consider  the  computational  space  shown  in  Fig.  2. 
A  dipole  source  is  placed  in  the  center  of  the  space  which  is 
enclosed  with  perfect  electric  conductor  (PEC)  walls  and 
perfect  magnetic  conductor  (PMC)  walls.  The  arrangement 
of  the  PEC  and  PMC  for  opposite  walls  has  the  desirable 
effect  of  canceling  the  primary  images  in  these  walls.  The 
secondary  images  are  negligible  since  the  medium  is  lossy 
and  the  images  are  located  farther  out  so  their  contributions 
to  the  field  within  the  computational  volume  are  attenuated 
completely  Obviously,  for  this  scheme  to  work  well,  the 
computational  space  obviously  must  be  large  although  the 
structure,  e.g.,  buried  object,  may  be  small.  For  smaller 
computational  volume,  the  computed  field  distribution 
appears  to  be  asymmetric  due  to  the  different  boundary 
conditions  imposed  on  opposite  walls.  In  such  cases,  we 
substitute  the  PEC  walls  for  the  PMC  walls  and  the  PMC 
walls  for  the  PEC  walls  in  the  manner  shown  in  Fig.  3  and 
repeat  the  computation  of  the  field  distribution  in  the  new 
computational  volume.  The  new  result  appears  to  be 
asymmetric  too,  but  in  a  reversed  manner.  However,  an 
average  of  the  two  computed  results  give  the  correct  and 
symmetrical  field  distribution. 

Speeding  the  solution  of  the  diffusion  equation  using  the 
wave  equation  solver.  In  FDTD  the  Maxwell's  differential 
equations  are  solved  by  using  the  central  finite  differencing 
technique,  and  the  time-domain  version  of  the  curl  equation 
of  the  magnetic  field  is 


—  —  oE 

V  X  H  =  aE -  (1) 

At  low  frequencies,  the  displacement  current  is  orders  of 
magnitude  smaller  than  the  conduction  current  in  (1). 
Therefore,  the  quasi -static  approach  is  valid  and  (1)  becomes 

VxH  =  aE  (2) 

which  is  the  Ampere’s  law.  The  direct  implementation  of 
the  FDTD  using  (1)  or  (2)  together  with  Faraday’s  law,  i.e., 
the  Maxwell’s  curl  of  E  equation 

Vxf  =  -^f  (3) 

requires  a  very  long  time  to  run  when  a  is  nonzero.  To 
speed  up  the  process,  the  parameter  in  (1)  is  increased  to  a 
value  of  4x10^,  which  is  permissible  because  (2)  is  still  a 
good  approximation  to  (1)  in  the  frequency  range  of 
interest.  But,  by  doing  so,  the  computer  run  time  is  reduced 
from  more  than  20  days  down  to  about  15  minutes  without 
compromising  the  accuracy  of  the  results. 

3.  Computational  RESULTS 

We  consider  a  scenario  where  a  constant  current  dipole 
source,  operating  at  an  extremely  low  frequency,  such  as  1 
Hz,  is  employed  to  excite  the  sea  floor,  and  sensors 
distributed  along  a  straight  line  on  the  sea  floor  are  used  to 
collect  data  that  are  processed  to  characterize  information 
about  the  buried  objects,  e.g.,  their  conductivities.  An 
investigation  of  the  forward  scattering  problem  shows  that 
although  certain  components  of  the  electromagnetic  field 
configuration  at  the  sea  bottom  exhibit  a  definite 
dependency  on  the  conductivity  of  the  objects  located  just 
below  the  surface  of  the  sea  floor,  this  dependency  is  quite 
non-linear.  In  this  paper,  we  explore  the  possibility  of 
estimating  the  conductivity  of  the  buried  object  by  using  a 
non-linear  mapping  technique  that  utilizes  the  neural 
network  approach.  We  show  that  by  training  the  neural 
network  with  a  set  of  field  values  and  their  associated 
conductivities,  the  neural  network  can  be  trained  to  estimate 
the  conductivity  of  a  new  object  of  the  same  shape  and 
located  at  the  same  depth  below  the  surface  of  the  sea  floor. 

We  illustrate  the  application  of  the  neural  network 
approach  [4]  by  considering  a  specific  case  in  which  the 
object  is  a  prism  of  variable  conductivity  (a),  which  is 
buried  in  the  top  layer  of  the  sedimentary  layers  under  sea 
water.  We  want  to  estimate  the  conductivity  of  the  buried 
prism  by  sensing  the  electric  field  just  above  the 
sedimentary  layers.  Let  the  electric  dipole  in  sea  water, 
oriented  parallel  to  the  x-direction  as  shown  in  Fig.  1,  be 
excited  with  a  lA  current  at  1  Hz,  and  let  the  sensors  be 
located  along  the  x-direction  as  indicated  in  the  same  figure. 
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The  z-component  of  the  electric  field  for  a  greater  than  that 
of  the  host  layer  is  plotted  in  Fig.  2,  which  clearly  shows 
how  the  electric  dipole  field  is  modified  due  to  the  presence 
of  an  object  with  a  conductivity  anomaly  of  higher 
conductivities.  We  observe  from  this  figure  that  the  field 
variation  is  localized  directly  above  the  buried  object  ^d 
this,  in  turn,  allows  us  to  detect  and  pinpoint  the  location  of 
the  object.  Using  this  feature  of  the  variation  with  a,  a 
neural  network  is  designed  to  estimate  the  conductivity  of 
the  buried  prism,  and  it  is  shown  in  this  paper  how  this 
network  is  trained  first  and  used  later  to  estimate  the  new 
conductivity  contrasts  with  reasonable  accuracies  when 
presented  with  the  new  field  values. 

See  Page  7-86 
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Fig.  2.  E2  for  ci  greater  than  that  of  the  layer. 
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Fig.  1.  Geometry  of  the  buried  prism  problem. 
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Interest  in  the  clandestine  reconnaissance  of  beaches,  strategic  passages,  and 
estuaries,  for  the  presence  of  submerged  moored  mines,  has  motivated  the  study  of  the 
remote  sensing  of  submerged  mines  by  electro-optical  (E-0)  and  microwave  means.  While 
(E-0)  sensors  boast  higher  resolution  and  wider  swath  than  microwave  sensors,  the  latter 
provide  a  view  of  the  sea  surface  through  clouds,  and  turbidity  is  not  a  factor  in 
microwave  detection .  E-0  sensors,  however  provide  a  direct  detection  of  the  mine 
whereas  microwave  detection  must  depend  on  indirect  effects  of  the  mine  such  as  a 
surface  wake  or  a  subtle  effect  on  the  ambient  wave  field.  This  study  is  directed  toward 
determining  the  nature  of  such  subtle  effects  and  their  detectability. 

The  free  surface  of  the  ocean  is  affected  by  the  presence  of  the  mine  in  two  ways: 
directly  through  vortices  shed  by  the  sphere  and,  indirectly,  through  the  Kelvin  wake,  a 
pattern  of  surface  waves  generated  by  the  current  flowing  past  the  mine,  that  is  not  unlike 
the  wake  of  a  ship  riding  on  a  free  surface.  The  simplest  case  to  test  in  a  laboratory 
setting  is  that  of  a  moored  mine  in  a  constant  current  not  under  the  influence  of  an  ambient 
swell  field. 

We  use  a  flume  or  channel  for  the  test.  However,  in  order  to  avoid  artifact 
turbulence  caused  by  flow  against  the  flume  walls  we  move  the  mine  rather  than  fix  the 
mine  and  move  the  fluid  past  the  mine.  To  this  end  we  take  advantage  of  a  towing  tank 
facility  which  was  designed  to  calibrate  current  meters  by  mounting  them  on  a  tow 
carriage  which  moves  on  rails  above  the  channel.  We  use  this  tow  carriage  as  the  prime 
mover  for  the  moored  mine  by  rigging  a  tow  line  in  an  endless  loop  which  spans  the  length 
of  the  flume  and  completes  the  loop  along  the  bottom  of  the  tank  being  attached  to  a 
trolley  at  the  bottom  as  seen  in  figure  1.  The  travel  distance  of  the  trolley  is  50  m.  A  test 
section,  located  at  the  mid-travel  point,  supports  a  laser  slope  gauge  and  a  vertical  array 
of  three  velocity  turbulence  probes.  The  laser  beam  passes  through  the  free  surface  from 
below,  from  a  Helium-Neon  laser  which  is  positioned  on  the  tank  bottom.  An  x-y  position 
detector,  together  with  an  optical  system,  converts  the  laser  beam  deflection  to  free 
surface  slope.  Both  the  turbulence  probes  and  the  slope  gauge  can  be  repositioned  at 
various  locations  across  the  channel.  The  tank  is  about  4m  wide  and  4m  deep. 
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Laser 


Trolley 


FIGURE  1 

Schematic  of  tow  tank. 


FIGURE  2 
30''  mine  caseing. 

Two  mine  sizes  -  30"  and  20",  diameter  -  were  towed  at  two  different  speeds  -  .75 
m/s  (1.5  kts)  and  1.5  m/s  (3  kts).  Several  depths  were  used.  A  photo  of  the  30"  mine 
appears  in  figure  2 
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The  relevant  Reynolds  and  Froude  numbers  for  some  of  the  test  parameters  are  shown  in 

Tables  I  and  11,  respectively. 


Re 

Tow  Velocity  (m/s) 

Mine  Diameter  (m) 

5.7  X  10-' 

.75(1.5kts) 

.76  (30") 

1.7  X  10^ 

1.5  (3  kts) 

.76 

3.8  X  10' 

.75 

.51  (20") 

7.6  X  10' 

1.5 

.51 

Table  I 

Reynolds  numbers  (Re)  for  the  two  mines,  using  mine  diameter  as  the  length  scale. 


Fr 

Tow  Velocity  (m/s) 

Depth  (m) 

.44 

.75  (1.5  kts) 

.30 

.88 

1.5  (3  kts) 

.30 

.31 

.75 

.60 

.62 

1.5 

.60 

Table  II 

Froude  number  (Fr)  scaling  using  the  depth  to  the  top  of  the  mine  as  the  scaling  distance. 


The  Reynolds  numbers  in  Table  I,  hover  close  to  what  is  often  called  the  critical  Reynolds 
number  -  that  velocity  at  which  the  boundary  layer  adjacent  to  the  sphere  transitions  from 
laminar  to  fully  turbulent  flow.  This  number  is5Xl()^for  a  sphere.  If  the  sphere  is  free  to 
move,  an  asymmetry  may  ensue  whereby  one  side  of  the  sphere  is  laminar  and  the  other 
turbulent.  Such  an  imbalance  produces  lateral  forces  on  the  sphere.  In  fact,  the  mines  were 
observed  to  swing  laterally  back  and  forth  during  the  tow  about  (1)  mine  diameter  - 
perhaps  in  response  to  such  a  stress  imbalance. 
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Figure  3 

Time  series  of  along-tank  component  of  free  surface  slope.  Conditions  are:  no  wind,  mme 
depth  =  60  cm,  30"  mine,  current  =  1.5  m/s. 

Figure  3  is  a  time  series  of  surface  slope  and  is  typical,  in  character,  of  most  of  the 
tows.  In  particular,  a  minimum  in  the  wave  envelope  occurs  after  about  8  or  9  wave 
crests,  followed  by  a  pronounced  maximum  in  slope.  The  waves  have  a  period  of  about 
1  2  seconds.  If  we  assume  that  these  waves  are  fixed  in  a  frame-of-reference  moving  with 
the  mine,  their  phase  speed  must  be  1.5  m/s.  The  formula  for  the  phase  speed,  c,  of  a  deep 
water  wave  is: 


where  g  =  9.8  m/s  and  k  is  the  wave  number.  Solving  for  k^>i),  we  get: 

X  =  2nc^  / g 


=  1.44  m. 

A  1.4  m  wave  moving  at  the  tow  velocity  of  1.5  m/s  would  appear  to  have  period  of, 

144 

T  = - =.96  sec 

1.5 
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This  is  in  rough  agreement  with  the  observed  period  of  1.2  seconds.  The  mine  wake,  then, 
creates  a  gravity  wave  which,  on  the  center  line  of  the  water,  can  be  approximated  by  a 
deep  water  wave  whose  phase  speed  equals  the  current  velocity  and  whose  wavelength 
satisfies  the  deep  water  dispersion  relation.  This  is  the  character  of  the  well-known  Kelvin 
wake.  The  second  maximum  in  the  wave  slope  signal  is  thought  to  be  an  artifact  of  wave 
energy  reflecting  back  into  the  center  of  the  tank  from  the  walls  of  the  tank.  This  energy 
would  normally  radiate  away  from  the  wake  centerline. 


FIGURE  4 

Train  of  Kelvin  waves  generated  by  advancing  submerged  mine.  Note  that  neither  the 
leading  wave  nor  the  wave  following  reaches  the  walls  of  the  tank. 


Figure  4  is  a  photograph  of  the  train  of  Kelvin  Waves  just  trailing  the  mine  G.X. 
Wu  (1995)  provides  an  analytic  description  of  the  wake  of  an  advancing,  submerged 
sphere  in  a  finite  depth  fluid.  Wu  (as  do  others)  treats  the  solution  in  two  parts:  a)  the  near 
field  solution  which  satisfies  the  boundary  conditions  of  an  inviscid  fluid  at  the  sphere 
boundary  and  at  the  free  surface  and  b)  the  far  field  solution  which  satisfies  the  free 
surface  conditions  and  the  radiation  condition.  Figure  5  shows  a  plan  view  of  the  far  field 
solution  for  the  wave  free  surface  height.  The  solution  resembles  that  for  an  underway 
surface  ship.  The  near  field  solution  (not  shown)  is  valid  within  a  few  mine  diameters  of 
the  mine  and  is  not  wave-like,  but  is  anti-symmetric  about  a  vertical  plane  passing  through 
the  sphere  center  and  extending  accross  the  tank.  It  is  this  solution  that  is  characterized  by 
the  hump  in  advance  of  the  mine  and  the  trough  behind  the  mine. 
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Free  surface  elevation  -  mine 


Elevation  contours  of  the  far  field  solution  to  the  mine  wake  after  G.X.  Wu  (1995) 

Most  tows  produced  a  well-behaved  wake  with  the  exception  of  the  shallow 
(depth=30  cm),  high  speed  (v=1.5  m/s)  tow  of  the  30"  mine.  Under  these  conditions  a 
super-critical  Froude  number  effect  ensued  with  the  first  wave  crest  continually  spilling 
during  the  tow  (See  figure  5).  The  mine  never  broached  the  surface  during  this  time. 

During  a  shallow,  high  speed  tow  of  the  20"  sphere,  no  such  spilling  occured.  The  spilling 
wave  (could  also  be  considered  a  bore)  is  therefore  not  only  a  function  of  the  Froude 
number  (which  is  independent  of  the  mine  diameter)  but  may  also  be  a  function  of  the 
Reynold’s  number.  Both  mine  shapes  show  sub-critical  Froude  numbers  in  Table  II. 
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Figure  6 

Wave  breaking  behind  30"  mine  with  1.5  m/s  current  flowing. 


During  each  tow,  several  vortices  could  be  seen  rising  to  the  surface  as  evidenced  by  a 
"boil"  or  smooth  path  on  the  surface.  One  such  vortex  advected  through  the  turbulence 
probes  and  can  be  seen  in  figure  6  as  an  anomoly  in  the  velocity.  The  mine  passes  the 
instruments  at  about  t=20  seconds,  wherein  the  orbital  velocities  associated  with  the 
Kelvin  wave  ensue.  However,  at  about  t  =  38  seconds  a  vortex  appears  (a  boil  was 
observed  at  the  surface)  as  is  evidenced  by  the  energetic  vertical  velocity  components  as 
well  as  a  strong  shear  in  the  across-tank  component  (u)  of  velocity.  The  associated 
velocities  easily  exceed  the  wave-related  velocities  and  represent  the  largest  form  of 
turbulence  present.  The  background  turbulent  fluctuations  appear  to  be  of  the  order  of 
onle  1  to  2  cm/sec. 

Figure  8  shows  the  damping  effect  of  this  vortex  on  the  surface  waves  -  especially 
at  t  >  41  seconds. 
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Figure  7 

Three  components  of  velocity  measured  above  the  mine  showing  the  advection  of  a  vortex 
into  the  probe  array.  Eddy  velocities  are  large  compared  to  wave  orbital  velocities. 


Run  92  Mine  velocity:  1 .5  m/s 


Figure  8 

Wave  slope  signature  exhibits  severe  damping  in  the  presence  of  eddy. 
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Conclusions 


Two  mechanisms  dominated  the  modulation  of  the  free  surface  slope  by  a  moored 
mine  in  a  current:  The  Kelvin  wake,  both  by  its  presence  and  by  its  effect  on  the  ambient 
wind  wave  field;  and  vortices  rising  to  the  surface  after  having  been  shed  from  the 
boundary  layer  of  the  mine.  The  Kelvin  wake  may  be  discernible  by  remote  sensing  means 
in  the  presence  of  an  ambient  wave  field  due  to  its  coherent  structure  (see  Figure  5)  if  the 
appropriate  matched  filters  are  applied  to  the  data.  The  turbulent  vortices,  on  the  other 
hand,  are  intermittent  and  highly  localized  and  probably  would  not  submit  to  detection  by 
automated  detection  schemes.  If  the  mine  is  sufficiently  close  to  the  surface,  large  enough 
in  diameter,  and  if  the  flow  is  swift  enough,  the  Kelvin  wave  will  break  over  the  mine.  This 
breaking  occurs  at  a  Froude  number  slightly  less  than  1.  The  fact  that  the  occurrence  of 
breaking  is  dependent  on  mine  size  implies  that  other  non-dimensional  numbers,  such  as 
the  Reynolds  number,  may  play  a  role  in  prescribing  the  criteria  for  breaking. 
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Abstract- -Tht  concept  of  a  seismic  sonar  for  the 
detection  of  buried  mines  and  other  ordnance  is 
demonstrated.  An  electromechanical  transducer  is  used  to 
excite  Rayleigh  waves  that  travel  along  the  sediment 
interface.  A  mine-like  target  produces  Rayleigh  wave 
echoes  that  are  received,  processed  and  displayed.  The 
experimental  results  are  supported  by  theory  developed  for 
vector  wave  fields  with  the  tensor  calculus  and  matrix 
algebra.  Sonar  equation  extrapolations  are  used  to  assess 
the  potential  of  the  approach.  Continuing  research  topics 
are  suggested. 

L  INTRODUCTION 

The  principle  of  seismic  interface  wave  generation, 
propagation,  and  sensing  is  sketched  in  Fig.  1  for  the  case  of 
a  Rayleigh  wave.  A  man  made  source  vibrates  the  ground, 
generating  this  wave,  which  propagates  outward  and  is 
concentrated  at  the  air-ground  interface.  The  wave  exists  in 
both  media  and  is  exponentially  damped  with  depth  into  the 
ground,  where  it  is  predominately  a  shear  wave.  With 
propagation,  the  Rayleigh  wave  spreads  cylindrically 

(1  /  Vr  law),  and  soil  friction  (i.e.,  movement  between  sand 
grains)  provides  attenuation,  which  ranges  from  a  few  tenths 
to  several  dB  per  wavelength,  depending  on  bottom  type. 
Hard,  consolidated  sediments  (i.e.,  sandstone  and  limestone) 

Seismic  Interface  Waves  Seismometer  sensor 

(3  axis  geophones 


Fig.  1.  Generation  and  propagation  of  seismo-acoustic  interface 
waves. 

have  low  attenuation  while  soft,  unconsolidated  sediments 
(i.e,,  beach  sand)  have  higher  attenuation.  The  velocities  of 
interface  waves  are  quite  slow  in  unconsolidated  soils  and 
sediments,  typically  a  few  hundred  meters  a  second,  while 


they  range  up  to  several  thousand  m/sec  on  interfaces 
containing  hard  rock.  In  unconsolidated  sediments,  these 
waves  are  also  highly  dispersive  with  frequency,  due  to  the 
compaction  with  depth  caused  by  overburden  loading.  In 
general,  velocities  tend  to  increase  with  depth  into  soils  and 
sediments.  Seismic  interface  waves  comprise  true  vector 
fields  because  they  can  have  particle  velocities  in  three 
dimensions.  Rayleigh  waves  travel  in  elliptical  particle 
orbits  having  a  vertical  and  radial  component.  The  vertical 
cornponent  is  perpendicular  to  the  propagation  path  and  the 
radial  component  is  co-linear  with  it. 

n.  SONAR  CONCEPT 


The  utilization  of  Rayleigh  waves  in  a  sonar  context  is 
sketched  in  Fig.  2.  This  sketch  deliberately  shows  no 
platform  vehicle  and  is  only  intended  to  illustrate  the 


Fig.  2.  Concept  of  the  seismic  interface  wave  sonar  for  mine 
detection. 
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STEP1: 


STEP  2: 


(NCJdilT  l«TWA<?e  WAVe 


•  PUNl  WAVE  OBEYING 
BOUNOABYCONOrriON 
JNaOENT  ON  TARGET 


RADIATION  iN 


TAflGEWiAWAteO 
DOiKMOPKS  . 


!•■TABGIfBeAT^lBING■OOI»PtrrEO"■ 
TO  BULK  WOOES  IN  LOWER  LAYER 

(STANDARD  PERTURBATIVE  VERTEX) 


i  ELASTIC  soy  D  . . . . . 

Fig.  3.  Key  steps  in  the  derivation  of  theory  for  seismic  interface  wave  sonar. 


STEP  3: 

BOUNDARY-INDUCED 
RADIATION  IN  , 
UPPER 
LAYER 


•  CORRECTIONS  to  BULK 
MOOES  AOOBO  TO  PRODUCE 
CONSISTENT  SOLUTION 

{INCORPORAmiAS 
IMPRQVEMBNTTO  BULK 
WRUX) 


general  seismic  sonar  concept.  A  source  array  radiates  the 
interface  waves  along  the  surface,  and  an  array  of 
seismometers  (three  axis  geophones,  which  are  velocity 
sensors),  is  laid  out  for  reception.  A  recent  ARPA,  ONR, 
and  NATO  demonstration,  done  by  ARL:UT  and 
SACLANTCEN,  developed  the  theory  and  provided 
experimental  proof  of  the  feasibility  of  beamforming  on 
seismic  interface  waves  on  the  sea  floor  [1].  Since  the 
interface  wave  velocities  are  quite  low,  narrow  beams  can 
be  developed  at  low  frequencies,  (tens  to  hundreds  of  Hz) 
that  the  medium  prefers  for  seismic  propagation.  This 
means  that  small  arrays,  a  few  meters  in  length,  can  develop 
adequate  angular  resolution  for  object  detection  at 
wavelengths  on  the  order  of  a  meter.  Of  course,  medium 
heterogeneities  can  distort  propagation  paths,  reducing  the 
spatial  coherence  required  for  beamforming.  This  will 
probably  limit  seismic  sonar  ranges  to  distances  measured  in 
the  tens  to  hundreds  of  meters,  depending  on  the  medium  at 
hand.  Fortunately  for  the  amphibious  warfare  (AMW) 
problem,  wet  beach  sand  is  usually  a  benign,  homogeneous 
medium  at  seismo-acoustic  sonar  frequencies.  Because  of 
the  exponential  damping  away  from  the  interface,  the 
Rayleigh  wave  (and  other  interface  waves)  are  ideally 
concentrated  in  the  portion  of  the  ground  where  buried 
mines  and  ordnance  exist.  This  reduces  the  undesirable 
scattering  and  reverberation  from  environmental  features 
outside  this  zone. 

III.  THEORETICAL  MODELING 

Because  of  the  contrast  of  density  and  rigidity  between  the 
heavy,  rigid,  man  made  target  and  the  surrounding  soil  or 
sediment,  the  target  produces  seismo-acoustic  echoes  that 


travel  in  all  directions,  in  all  of  the  possible  propagating 
modes  allowed  by  the  theory  of  elasticity.  A  recent 
theoretical  study  [2]  has  produced,  from  first  principles,  a 
model  of  the  seismo-acoustic  detection  of  buried  objects 
returning  echoes  in  the  interface  wave  modes.  The  model 
utilizes  perturbation  methods  and  is  valid  for  the  long 
wavelength  case.  The  key  steps  in  the  derivation  are 
sketched  in  Fig.  3. 

Because  of  the  vector  field  nature  of  seismic  waves,  the 
seismic  target  strengths  are  also  vector  quantities,  of 
unavoidable  complexity  [2].  However,  it  appears  that  the 
mass  of  the  buried  target  is  the  largest  contributor  to  its 
seismo-acoustic  target  strength.  The  theory  shows  that  in 
the  Rayleigh  mode,  a  target  occupying  a  metric  volume  of 
(l/27t)^  with  a  mass  of  5  kg,  in  an  unconsolidated  sand  with 
a  density  of  2  g/cm^,  would  have  a  monopole  target  strength 
of  -30  dB.  Scaling  with  mass  m  goes  as  10  log  (m/mo)-  Of 
course,  the  size  and  shape  of  the  mine  affects  the  target 
strength  and  further  theory  needs  to  be  developed  for  the 
case  of  targets  that  are  comparable  in  size  to  a  wavelength. 

IV.  SEISMIC  SONAR  MEASUREMENTS 

An  experiment  and  technology  demonstration  was  recently 
conducted  by  ARL:UT  on  the  Gulf  of  Mexico  beach  of 
Mustang  Island,  near  Corpus  Christi,  Texas  [3].  A 
rudimentary,  non-real  time,  seismo-acoustic  sonar  was 
constructed  from  laboratory  hardware  and  software.  The 
measurements  were  conducted  on  the  foreshore,  over  a  hard, 
wet,  quartz  sand  sediment  of  3-6  deg  slope,  as  shown  in 
Fig.  4. 
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Fig.  4.  Seismic  sonar  experiment  on  buried  object  detection. 


Ground  truth  measurements,  depicted  in  Fig.  5,  in  the  form 
of  s  Gabor  plot,  showed  the  medium  to  be  very  dispersive  in 
the  10-40  Hz  range,  with  an  optimum  frequency  for 
propagation  ^ound  22  Hz.  The  interface  waves  approached 
an  asymptotic  shear  velocity  of  100  m/sec  at  frequencies 
above  50  Hz. 

For  simplicity,  we  utilized  a  source  signal  consisting  of 
a  transient  cosine  of  one  cycle,  centered  at  100  Hz  and 
imparted  to  the  sediment  interface  as  a  vertical  excitation. 
The  sediinent  responded  with  signal  elongation,  apparent  as 
a  "ringing'',  sending  a  packet  of  Im  Rayleigh  waves  outward 
along  the  interface,  attenuating  at  1  dB/m.  The  target  was  a 
metallic  cylinder,  weighing  35  kg  and  buried  just  beneath 
the  interface.  A  three  element  seismometer  array  was  used 
for  reception.  The  raw,  field  recorded  data  showed  no  echo 
at  the  proper  range  and  bearing.  Some  sophisticated  signal 
processing  was  required  to  extract  the  target  echo. 

V.  SIGNAL  PROCESSING 

The  vertical  source  excitation  used  in  these  initial 
experiments  unfortunately  generated  the  whole  gamut  of  P 
and  S  waves  ("P"  stands  for  pressure,  "S"  for  shear).  When 
this  happens,  the  Rayleigh  waves  of  interest  are  buried  in  a 
reverberant  background  of  S  body- waves,  and  to  a  lesser 
extent  P  waves,  and  it  is  necessary  to  remove  this  noise. 
This  was  begun  by  considering  the  vector  nature  of  the 
seismic  field.  The  vertical  and  radial  echo  components 
traveling  in  a  seismo-acoustic  Rayleigh  wave  are  naturally 
90  deg  out  of  phase,  while  both  P  and  S  body-wave 
noisefields  are  bulk  propagating  waves  and  are  by 
definition,  "in  phase"  on  both  vertical  and  radial  (v  and  r) 


sensors.  For  the  tasks  at  hand,  we  developed  a  technique 
called  vector  polarization  filtering.  The  procedure  is  shown 


asymptotic  regime 


Fig.  5.  Gabor  plot  of  ground  truth  measurement  on  vertical, 
seismic  interface  wave  velocities  in  the  sediment;  depicting 
contours  at  3  dB  intervals  for  a  vertical  impact  source  at 
100  m  range.  Key:  -  -  -  group  velocity,  —  phase  velocity. 
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in  Fig.  6  for  the  case  of  P  waves,  but  basically  it  capitalizes 
on  the  phase  relationship  between  Vy  and  Vj-  signals  to 
compute  and  "imaginary  power",  i.e.: 

Here  V(t,x)  is  the  complex  signal  obtained  by  Hilbert 
transform  from  the  received  (real)  geophone  signal  and 
V*(t,x)  is  its  complex  conjugate,  as  illustrated  in  Fig.  6. 
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Fig,  6.  Principles  of  vector  vs.  scalar  v^^ave  velocity  and  power 
relations.  The  phase  relationship  between  vertical  and  radial 
velocity  provides  the  Rayleigh  wave  with  an  imaginary  component 
in  the  complex  power,  while  the  P  wave  noise  provides  in-phase 
signals  on  the  vertical  and  radial  sensor,  yielding  only  a  real 
component  in  complex  power  processing 

The  phase  relationship  between  vertical  and  radial  velocity 
provides  the  Rayleigh  wave  with  an  imaginary  component 
in  the  complex  power,  while  the  body-wave  noise  provides 
in-phase  signals  on  the  vertical  and  radial  sensors,  yielding 
only  a  real  component  in  complex  power  processing. 

We  then  computed  the  imaginary  component  of  the 
complex  power  in  the  echo  signals  of  each  beam.  This 
procedure  helps  separate  the  S  wave  signals  from  body- 
wave  noise,  and  the  processing  improvement  is 
conservatively  measured  in  the  tens  of  decibels,  depending 
on  the  scenario.  For  the  test  at  hand,  vector  polarization 
filtering  reduced  the  P  wave  reverberation  by  11  dB.  Some 
sample  signals  for  vector  polarization  processing  of  a 
Rayleigh  wave  are  shown  in  Fig.  7.  Note  the  phase 
difference  between  vertical  and  radial  components,  and  the 
non-zero  imaginary  power  component. 

In  this  first  experiment,  the  vertical  source  excitation 
produced  such  abundant  quantities  of  P  wave  and  other  than 
Rayleigh  wave  modes,  it  was  also  necessary  to  employ 
coherent  subtraction  to  further  remove  unwanted 
reverberation.  In  the  test,  the  time  series  of  the  reverberant 
field  was  recorded  before  the  test  target  was  buried  and  then 
coherently  subtracted  from  that  of  the  echo  field, 
subsequently  acquired.  Although  coherent  subtraction  is 
clearly  not  a  signal  processing  option  for  a  military 
application,  it  was  useful  in  this  first  experiment,  and  was 
needed  to  explore  the  potential  and  feasibility  of  the 
approach.  For  the  test  at  hand,  the  coherent  subtraction 
reduced  the  reverberation  by  13  dB. 


Figure  7.  Example  of  velocity  components  and  complex  power  in 
a  Rayleigh  wave  echo  timeseries. 

VI.  SONAR  RESULTS 

The  processed  echo  field  results,  displayed  in  a  traditional 
sonar/radar  Plan  Position  Indicator  (PPI)  format  are  shown 
in  Fig.  8.  It  can  be  seen  that  the  seismo-acoustic  echo 
ranging  experiment,  coupled  with  the  aforementioned  signal 
processing  efforts,  clearly  detected  the  mine-like  test  target 
at  its  appropriate  range  and  bearing  from  the  experimental 
sonar,  specifically  some  3  m  in  range  at  22  deg  bearing,  all 
with  ample  signal  to  noise  to  provide  a  clear  display  of  the 
target’s  existence. 

Although  a  proper  analysis  of  these  results  involves 
some  complex  tensor  calculus  and  matrix  algebra  [2],  it  is 
tempting  to  do  some  scaling  with  the  sonar  equation,  so  as 
to  explore  the  engineering  potential  of  this  new  approach. 

We  begin  with  the  parameters  of  this  first  test:  a  single 
source  with  an  input,  peak  electrical  power  of  315  watts, 
producing  a  source  level  of  2.61  e”  ^  m/sec  in  the  vertical 
seismic  velocity  component,  a  spreading  loss  of  3  dB  per 
doubling  in  range,  an  attenuation  of  1  dB/m,  a  target 
strength  of -21  dB,  and  11  dB  of  vector  polarization  filter 
gain  and  13  dB  of  coherent  subtraction  processing  gain,  all 
of  which  resulted  in  a  sonar  range  of  3  m  in  a  Corpus  Christi 
beach  sand. 

The  target  was  deliberately  heavy  (35  kg)  in  this  first 
test,  so  going  to  a  more  realistic  5  kg  target  would  reduce  its 
reflectivity  by  9  dB,  to  -30  dB.  We  also  need  to  dispense 
with  the  13  dB  of  coherent  subtraction  processing  gain, 
because  this  technique  cannot  be  used  against  live  ordnance. 

What  are  the  possibilities  for  improving  the  other  terms 
in  the  active  sonar  equation?  First,  the  input  power  can 
certainly  be  increased,  up  to  the  point  where  the  sediment 
becomes  nonlinear  and  liquefies.  This  is  dependent  on  the 
design  of  the  transducer  foot,  or  coupler  to  the  sediment,  but 
a  conservative  estimate  is  an  order  of  magnitude  in  input 
power  for  each  source.  A  source  array  should  certainly  be 
utilized,  and  its  size  is  limited  by  the  size  of  the  sonar 
vehicle  platform.  For  a  tank  sized  vehicle,  a  source  array  of 
5  m  length  is  not  unreasonable.  At  half  wavelength  spacing. 
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Fig.  8.  Example  of  a  sonar  PPI  plot  produced  from  measurements 
taken  with  target  buried  at  3  m  range  and  -22.5  deg  bearing,  after 
coherent  subtraction  of  backgrounds  measured  without  target. 
Element  shadings  are  also  shown. 

a  10  element  array  could  be  realized,  which  combined  with 
a  tenfold  power  increase  per  element,  would  provide  an 
increase  in  source  strength  of  20  dB. 

Considerable  reverberation  suppression  could  be 
achieved  by  utilizing  a  two  degree  of  freedom  transducer,  to 
selectively  excite  whatever  seismic  interface  wave  is 
desired.  For  the  Rayleigh  wave,  a  retrograde  elliptical  orbit 
would  be  imparted  to  the  transducer  foot  at  the  sediment 
interface,  for  preferential  excitation.  Considering  the 
partition  of  energy  in  the  dozen  or  so  of  the  possible  seismo- 
acoustic  modes,  and  relying  on  past  experience  in  selective 
mode  excitation,  an  improvement  of  12  to  18  dB  should 
reasonably  be  achieved. 

With  only  these  improvements  (which  wold  be 
augmented  by  others,  discussed  subsequently),  and  with  the 
necessary  downsizing  in  target  strength  and  coherent 
subtractive  processing  gain,  we  would  realize  a  net  increase 
in  figure  of  merit  of  13  dB.  For  propagation  in  the  Corpus 
Christi  beach  example,  the  sonar  range  would  then  be 
increased  from  3  m  to  6  m.  Although  this  may  seem  like  a 
small  range  for  a  sonar,  it  is  considerably  longer  than  that  of 
other  sensors  capable  of  detecting  an  amphibious  mine 
buried  in  beach  sediments. 

The  ultimate  range  capability  of  the  seismic  sonar 
would  be  limited  by  the  spatial  coherence  of  interface  waves 
propagating  in  natural,  heterogeneous  sediments.  Prior, 
offshore  measurements  of  this  parameter  have  yielded 
coherence  lengths  measured  in  the  tens  to  hundreds  of 
meters.  False  targets  will  of  course  be  a  problem  with 
seismic  sonar  and  for  any  sonar  operating  in  sediments  and 
soils. 


Considering  the  complexity  of  micro  seismology,  the 
difficulty  of  the  target  physics,  and  the  non  trivial  nature  of 
the  signal  processing,  we  were  actually  quite  surprised  with 
this  very  positive  theoretical  and  experimental  development 
demonstration,  which  was  conducted  under  conditions  of 
avowed  skepticism  of  all  parties  connected  with  the 
research.  However,  we  are  clearly  aware  of  certain 
limitations  which  need  to  be  overcome  before  this  approach 
becomes  useful  in  AMW  and/or  humanitarian  de-mining 
operations. 

Certain  key  issues  identified  in  this  first  demonstration 
of  seismo-acoustic  sonar  for  mine  detection  need  to  be 
solved  before  the  approach  will  have  sufficient  credibility  to 
justify  real  system  development.  For  example,  the  need  for 
coherent  subtraction  in  signal  processing  has  to  be 
eliminated.  This  and  other  R&D  issues  need  to  be 
addressed  that  will  put  the  technology  on  a  sound  footing 
for  advanced  research  demonstrations. 

The  issues  include: 

•Development  of  sources  for  discrete  mode 
excitation  of  interface  wave  modes. 

•Development  of  techniques  for  discrete  mode 
reception. 

•Adaptive  methods  for  excitation  and  reception  of 
optimal  modes. 

•Measurement,  analysis  and  utilization  of  real  mine 
target  strengths. 

•Incorporation  of  cetacean  sonar  protocols  and 
signal  physics. 

•Re-examination  of  vector  signal  processing 
technology,  developed  to  date. 

•Experimental  demonstrations  and  analyses  pertinent 
to  these  efforts. 

The  discrete  mode  source  will  drive  the  sediments  and 
soils  in  the  unique  particle  velocity  format  required  for 
different  seismic  interface  modes,  i.e.,  for  Rayleigh  waves, 
it  will  drive  the  ground  in  elliptical  orbits.  In  so  doing, 
unwanted  P  waves  and  other  reverberation  contributors  will 
be  eliminated  at  the  source,  enhancing  target  detection.  A 
measure  of  discrete  mode  reception  can  be  achieved  by 
matching  the  sensor  field  to  the  desired  mode,  in  a  form  of 
matched  field  processing.  Due  to  natural  difficulties,  it  will 
not  be  a  100%  accomplishment,  but  nonetheless,  will 
significantly  reduce  noise  and  reverberation.  These  mode 
selection  procedures  need  to  be  tuned  to  the  medium  in  an 
adaptive  manner,  on  site,  in  real  time,  and  this  can  be  done 
with  feedback  control  and  control  systems  technology. 

It  is  very  important  to  measure  the  seismic  target 
strength  of  representative  mine  types  so  that  research  can 
proceed  with  realistic  parameter  estimations.  These  devices, 
loaded  with  inert  explosive  materials,  can  be  deployed  in  a 
"back  yard"  testbed  for  echo  signature  characterization. 

The  only  sonar  system  in  the  world  that  is  successful 
against  buried  targets  belongs  to  the  cetaceans.  Ongoing 
ONR  research  at  ARLrUT,  Texas  A&M,  and  NRaD,  seeks 
to  discover  their  secrets  for  buried  mine  detection. 
Measurements  are  being  made  on  instrumented  animals 
performing  detection  work  on  instrumented  buried  objects, 
and  the  results  are  being  analyzed  to  determine  their  signal 
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processing  protocols.  Results  that  will  be  obtained  in  the 
work  outlined  in  the  preceding  paragraphs  will  undoubtedly 
affect  human  engineered  protocols  for  vector  signal 
processing,  opening  new  avenues  for  its  utilization. 
Accordingly,  these  procedures  need  to  be  re-examined  and 
improved  for  the  maximum  processing  gain. 

Finally,  continued  research,  coupled  to  demonstrations 
is,  of  course,  essential  to  delineate  the  potential  of  seismic 
sonar. 
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INTRODUCTION 

After  many  years  and  several  generations  of  product 
development  advancements,  the  company  Vallon  GmbH 
has  responded  to  the  market  needs  of  the  UXO  user 
community  with  a  fiiUy  integrated  Man-portable 
Ordnance  Locator.  Reality  aspects  seek  user  friendly 
equipment  which  are  cost  effective  (survey  time  + 
reliable  data  processing),  to  the  OEW  operator  and 
provide  qualified  data  which  meet  Government 
standards. 

Equipped  with  proven  detection  technologies  along  with 
current  survey  and  software  techniques,  such  a  system 
will  work  effeaively  today  and  into  the  future.  The 
Vallon  Ordnance  Locator  System  has  been  designed  to 
accept  further  technical  improvements  as  the  needs  and 
components  become  available. 

SYSTEM  INTEGRATION 

For  several  decades  buried  UXO"s  have  been  successfully 
located  b\’  means  of  portable  magnetometer  instruments 
(i.e.  Cesium  and  Fluxgate  Magnetometers).  Specialty 
expertise  has  been  gained  in  areas  such  as  Germany  from 
extensive  UXO  detection  requirements  since  the 
conclusion  of  WWII  (many  UXO’s  from  this  period  are 
stHI  detected  to  date).  Fluxgate  gradiometers  have  been 
proven  to  be  highly  accurate.  Especially  where  high 
concentrations  of  UXO  are  found  and  in  urban  areas  with 
ambient  problematic  conditions. 
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Recently,  the  value  level  of  Fluxgate  Gradiometers 
produced  by  Vallon  were  proven  as  an  effective 
technology  during  the  UXO  Technology  Demonstration 
Program  at  Jefferson  Proving  Ground  1994. 

An  enhanced  ‘Turnkey”  UXO  detection  system  has  been 
developed  by  Vallon  based  on  the  experiences  and  needs 
of  the  user  community.  Both  military  EOD  and  OEW 
companies  require  a  system  which  is  highly  portable, 
versatile  in  use,  easy  to  operate,  and  reliable  for 
continuous  use  in  the  field 

To  ensure  that  these  advantages  do  not  get  lost  when 
enhanced  with  ‘'computer-aided  detection”,  it  is 
absolutely  necessary  to  have  an  exact  navigation  system 
for  the  applied  detection  sensors.  Therefore,  Vallon 
developed  two  distinct  navigation  aids  for  use  by  the 
same  detection  equipment: 

A)  SEPOS©-Sensor  Positioning  System  (manually 
operated  guiding  lines  with  accuracy  markers). 
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Application: 

Narrow  roads,  narrow  valleys,  forested  areas,  and  bore 
holes. 


B)  DGPS-Differential  Global  Positioning  Satellite  (radio 
link  navigation  -  no  guiding  ropes  required). 


Application: 

In  open  areas  such  as  firing  ranges  where  clear  satellite 
links  are  available. 

In  both  cases  the  magnetometer  data  is  recorded  together 
with  the  data  of  the  navigation  system.  A  final  target  list 
produced  after  evaluation  comprises  the  combined  data 
with  a  target  description  and  target  location  (the  GPS 
coordinates  are  easily  converted  to  UTM). 

The  use  of  “conventional”  UXO  detection  methods  has 
vastly  improved  with  the  turnkey  system  ^proach 
increasing  detection  performance  and  detection  quality 
assurance.  Current  improvements  with  GPS  technology- 
has  increased  detection  location  accuracy  to  a  very  high 
level.  The  results  of  these  combined  improvements 
include: 

•  The  EOD  persoimel  operating  the  system  can  fiilly 
concentrate  on  the  deteaion  survey. 

•  The  target  data  collected  with  GPS  values  are  a 
reliable  reference  without  the  need  for  physical 
reference  points  which  could  become  lost  ftom 
extreme  weather  conditions,  construction  changes, 
etc. 
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equality  assurance  can  be  performed  at  the  data 
analysis  level  on  a  PC.  It  is  not  necessary  to  repeat 
an  area  survey. 


DATA  QUALrTY  REQUIREMENTS 

Two  considerations  are  ver\-  important  to  obtain  the 
desired  results  of  high  quality  detection  data: 

1.  Reliable  data  acquisition. 

2.  No  change  in  the  “original”  measured  data  during 
the  evaluation. 

The  reliability  of  the  data  survey  for  UXO’s  is  ensured  by 
the  use  of  a  data  acquisition  unit  with  graphically 
displayed  information  for  the  operator.  With  the  use  of 
this  real  time  display,  the  survey  can  be  “quality 
checked”  in  the  field  during  the  operation.  Should  an 
error  occur,  the  localized  area  of  the  survey  field  can  be 
immediately  re-surveyed  without  effecting  the  overall 
collected  survey  data.  Thus,  quality  and  reliable  data  is 
ensured  throughout  the  survey  operation. 
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position  (angle),  and  influences  of  other  nearby  ferrous 
objects.  Therefore,  it  is  necessary  that  the  nT  values  are 
recorded  genuine  and  with  absolute  accuracy.  On  the 
MCI  display,  an  operator  will  recognize  the 
charaaeristic  features  of  a  ferrous  object  (UXO). 

THE  ORIGINAL  DATA  SHOULD  NOT  BE  CHANGED 
BY  ANY  CALCLT-ATION  OR  MANIPULATION. 

Vallon  GmbH  also  produces  the  signal  processing 
software  EVA  (Evaluation  and  Analysis),  as  an  optimum 
tool  for  this  purpose.  “Original  data”  collected  from  the 
MCI  may  be  displayed  on  the  EVA  program  in  parallel 
to  an  “ideal  graph”  with  true  scale  representation.  With 
this  means,  the  software  operator  can  evaluate  the  quality 
of  the  data  and  manually  influence  complicated  signal 
graphs  to  avoid  any  misinterpretation  by  the  computer. 

On  the  completion  of  a  data  analysis,  a  final  report  is 
produced  which  includes  a  target  (UXO)  list  and  a  true- 
to-scale  target  m^.  Important  information  is  provided 
on  the  target  list  including  target  location  (latitude  and 
longitude  when  GPS  is  used),  target  depth,  signal  size  of 
target,  inclination,  etc.  The  target  map  provides  an 
excellent  visual  representation  on  the  levels  and  locations 
of  contamination. 

CONCLUSION 

In  brief,  it  is  now  possible  to  obtain  high  quality  and 
reliable  data  from  a  UXO  field  surv'ey  operation.  Having 
stored  and  analyzed  target  data  provides  baseline 
information  for  the  present  and  future  survey  of  a  given 
site.  An  integrated  “turnkey”  system  is  now'  field  usable 
and  can  provide  a  higher  level  of  quality  assurance  over 
past  manual  operation  methods. 


Vallon  GmbH  produces  a  complete  detection  system 
which  includes  the  Micro  Computer  MCI  for  data 
acquisition.  The  MCI  displays  actual  true-to-scale  nT 
values  at  the  present  survey  location  of  the 
magnetometer.  At  the  same  time,  the  last  segment 
recorded  survey  tracks  (5.4  meters),  are  also  on  display. 

When  the  GPS  option  of  the  MCI  is  in  operation,  the 
operator  now  has  directional  guidelines  on  the  display. 
This  accuracy  points  the  way  for  each  surveyed  track  to 
be  recorded.  MCI  programming  ensures  that  all  GPS 
tracks  are  in  order  for  correct  field  coverage  and  tracks 
cannot  be  repeated  of  left  out.  This  means  that  the 
collected  values,  which  are  later  transferred  to  a  PC  for 
analysis,  are  absolutely  complete  and  free  of  errors. 

The  nT  values  of  buried  ferrous  objects  can  be  very 
different  depending  on  the  size,  magnetic  characteristics. 
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Abstract-Rapid  Response  is  a  series  of  Military  Oceanography 
(MILOC)  surveys  that  demonstrates  undersea  warfare  Rapid 
Environmental  Assessment  (REA)  technologies  in  a  tactically 
useful  time  frame.  Examples  are  given  here  of  mine  hunting 
and  seabed  classification  technologies  that  were  used  in  Rapid 
Response  ‘96  in  the  central  Mediterranean. 

L  Introduction 

Rapid  Response  96  was  conducted  during  the  August  to 
September  time  frame  in  the  central  Mediterranean.  The  aim 
was  to  demonstrate  NATO’s  capability  to  provide 
environmental  data  relating  to  ASW,  MCM,  and  AW  to 
military  planners  and  operators  in  a  tactically  usable 
timescale.  The  environmental  measurements  were  performed 
prior  to  a  NATO  exercise  (Dynamic  Mix)  and  the  data  were 
provided  at  a  pre-exercise  brief  to  support  the  tactical 
commanders.  The  environmental  characteristics  of  the 
operational  areas  in  the  central  Mediterranean  are  well 
known  to  the  SACLANT  Undersea  Research  Centre,  who 
had  responsibility  for  the  Military  Oceanography  (MILOC) 
survey.  This  area  was  chosen  for  the  initial  Rapid  Response 
site  because  of  the  abundance  of  oceanographic  and 
geoacoustic  data  that  were  available.  This  archival 
information  was  then  supplemented  by  in  situ  measurements 
of  all  aspects  of  undersea  environmental  data  including 
nowcasting  and  forecasting  of  the  oceanographic  conditions; 
acoustic  measurements  of  propagation,  ambient  noise,  and 
reverberation;  and  geoacoustic  data  relating  to  seabed 
properties  for  mine  hunting,  probability  of  mine  burial,  and 
environmental  data  to  support  amphibious  landings.  The 
data  were  obtained  from  several  NATO  platforms  involved 
in  the  Rapid  Response  exercise. 

11.  Background 

The  concept  of  Rapid  Environmental  Assessment  (REA) 
supports  CJTF  and  rapid  reaction  forces  in  the  preliminary 
stages  of  a  crisis.  The  objective  demonstrates  the  type  of 
environmental  support  that  could  be  made  available  in  an 
international  crisis  area.  REA  of  an  unknown  littoral  area  is 
important  in  all  aspects  of  undersea  warfare-  from 
deployment  and  operational  planning  to  on-scene  tactical 
execution.  Platform  dependent  methods  and  techniques  that 
can  be  utilized  to  support  prediction  of  the  undersea 
environment  in  a  conflict  are  shown  in  Fig.  1.  As  an 
example,  if  NATO  forces  have  air  superiority  and  sea 
control  then  the  limited  data  available  obtained  through 
archival  and  covert  methods  can  be  expanded  and  enhanced 
through  the  use  of  air-deployed  sensors  and  sensors  aboard 


survey  and  warships.  Depending  on  tlie  quantity  and  type  of 
data  being  transferred,  tlie  communication  of  the  data  from 
the  platforms  to  a  command  centre  may  require  high  data 
rate  links.  The  environmental  data  are  incorporated  into 
systems  tliat  provide  operational  planning  guidance  and 
performance  prediction  of  ASW  and  MCM  sonars. 


SURVEY 

WARSHIPS 

AIR-OEPLQYED  BUOYS 
AIRCRAFT  REMOTE  SENSING 
sues,  SPECIAL  FORCES,  ROVS,  UAVS,  BUOYS  ' 

SPACE  REMOTE  SENSING'  '  '  '  ' 


ARCHIVAL  INFORMATION 


Fig.  1  Rapid  Environmental  Assessment  methods  of  an  unknown  littoral  area 
Vs  military  aqjabilities 


III.  Rapid  RESPONSE  96 

Rapid  Response  is  an  initiative  of  the  SACLANT  Military 
Oceanography  (MILOC)  survey  series  and  is  being 
conducted  by  COMNAVSOUTH  on  behalf  of  CINCSOUTH 
[l].The  survey  was  artificially  linked  to  a  Central 
Mediterranean  NATO  exercise  (Dynamic  Mix  96)  to 
demonstrate  the  type  of  environmental  data  that  could  be 
made  available  in  a  crisis  situation.  Participating  in  the 
measurement  phases  were  NATO’s  research  vessels  NRV 
ALLIANCE  (and  the  T/B  MANNING),  USA’s  USNS 
PATHFINDER,  UK’s  HMS  HERALD,  and  Italy’s  ITS 
MAGNAGHI.  Marine  Patrol  Aircraft  from  Canada  (CP- 
140),  The  Netherlands  (P3-C),  United  Kingdom  (NIMROD), 
and  the  US  P3-C  participated  in  deploying  expendable 
sensors.  The  US  Sixth  Fleet  flagship  USS  LASALLE 
performed  the  functions  of  command  and  control  and 
operational  data  fusion  centre.  The  SACLANT  Undersea 
Research  Centre  (SACLANTCEN)  coordinated  the 
oceanographic  and  acoustic  data  collection  for  Rapid 
Response  96.  The  environmental  data  collected  aboard  all 
the  platforms  were  communicated  to  the  SACLANTCEN. 
Data  were  integrated  into  ASW,  MCM,  and  AW  briefing 
guides  provided  to  the  various  commands  that  were 


7-107 


preparing  for  tlie  NATO  exercises  Dynamic  Mix  96  (and 
DAMSEL  FAIR  96). 

Communication  of  the  data  from  the  platforms  involved  the 
use  of  the  INTERNET,  cellular  telephones,  military 
messages,  courier,  and  secure  phone  (see  Fig.  2). 


Fig  2  Transfer  of  environmental  data  from  the  ships  and  detachments  involved 
SACLANTCEN  web  server  with  access  limited  to  participants 


A  limited  access  homepage  was  installed  on  the  Centre’s 
web  server.  Ships  transferred  (or  received)  environmental 
data  using  PCs  and  modems.  Aboard  the  platforms  cellular 
phones  transmitted  the  data  to  the  Centre.  The  successful 
use  of  the  cellular  phones  was  dependent  on  the  range  of  the 
ships  from  the  telecommunication  relay  centres;  given  the 
location  of  the  exercise,  this  was  not  a  problem.  However,  if 
the  exercise  had  been  further  from  the  mainland,  alternative 
communication  schemes  would  have  been  necessary. 

Rapid  Response  96  environmental  data  that  impacted  ASW, 
MW,  and  AW  operations  were  transmitted  to 
SACLANTCEN.  The  data  were  assembled  into 

environmental  briefing  guides  and  presented  to  the 
commands  and  command  ships  several  days  prior  to 
Dynamic  Mix.  In  addition  to  the  briefing  guides,  STOICs 
(Special  Tactical  Oceanographic  Information  Charts)  were 
produced  by  the  US  Naval  Oceanographic  Office,  which 
incorporated  both  archival  data  and  data  obtained  during 
Rapid  Response. 

IV.  Mine  warfare  environmental  technologies 

A.  EXPENDABLE  BOTTOM  PENETROMETER 
In  addition  to  detailed  bathymetric  charts,  a  rapid 
assessment  of  seafloor  properties  was  provided  by  the  use  of 
expendable  penetrometers.  Free-falling  penetrometers, 
developed  on  the  basis  of  existing  XBT  technologies,  were 
deployed  in  a  grid  to  measure  the  geoacoustic  and 
geotechnical  properties  of  the  seabed.  The  techniques  were 
developed  by  the  SACLANTCEN  and  Lamont-Doherty 
Earth  Observatory  of  Columbia  University  [1].  The 
penetromenters  (probes)  are  modified  XBTs  that  have  tlieir 


thermisters  replaced  by  accelerometers.  The  penetrometers 
have  been  calibrated  previously  in  field  experiments. 
Measurements  have  been  conducted  in  New  York  Harbour, 
the  Mediterranean,  and  in  Eckemforde  Bay.  It  is  possible  to 
make  a  first-order  classification  of  sediment  type,  shear 
strength  and  geoacoustic  properties  from  tlie  deceleration 
signal  produced  from  the  initial  plastic  penetration  and 
damped  oscillation.  The  information  gained  from  the  probes 
can  be  utilized  in  various  applications-from  acoustic 
propagation  to  mine  burial. 

In  Rapid  Response  the  probes.  Expendable  Bottom 
Penetrometers  (XBP),  were  deployed  from  the  NRV 
ALLIANCE  in  a  mile  by  mile  spacing  in  the  MW  and  AW 
areas.  The  areas  were  then  classified  as  to  sediment  type 
and  parameters  related  to  mine  burial.  The  data  were 
divided  into  three  types:  Type  1  (red)  represented  granular 
sediments  that  had  high  decelerations;  Type  2  (green)  had 
transitional  materials  that  represented  mixtures  of  sands  and 
clays;  whereas  Type  3  (blue)  had  minimal  decelerations  on 
impact  and  represented  soft  fine-grained  bottoms  such  as 
clay  and  silt.  An  example  of  tliis  bottom  classification  is 
given  in  Fig.  3  for  an  undefined  location.  The  XBPs  are  a 
valuable  tool  for  rapid  environmental  assessment  of  areas 
with  unknown  geoacoustic  properties  and  can  provide 
information  related  to  mine  hunting  and  potential  for  mine 
burial. 


Fig.  3  Sediment  classification  based  on  results  from  XBPs 

B,  HIGH  FREQUENCY  BOTTOM  REVERBERATION 
Data  were  collected  from  a  high  frequency  acoustic  system 
deployed  from  the  NRV  Alliance.  The  system  was  tethered 
from  the  ship  and  bottom  reverberation  was  measured  at 
approximately  fifteen  sites  to  determine  the  bottom 
scattering  strength  as  a  function  of  grazing  angle.  The 
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scattering  strengUi  gives  an  estimate  of  tlie  average 
reverberation  level  tliat  can  be  expected  for  an  area.  Also 
estimated  was  the  probability  distribution  function  of  the 
scattering  cross  sections  to  give  an  estimate  of  tlie  clutter-a 
measure  of  the  number  of  reverberation  returns  that  exceed 
tlie  average  value.  The  clutter  expresses  tlie  nonuniformity 
of  the  area  and  provides  clues  as  to  the  degree  of  difficulty  in 
detecting  and  classifying  mines  with  mine  hunting  sonars. 
Data  that  represent  three  different  types  of  scattering 
regimes  are  shown  in  Fig  4.  The  expected  value  of  the 
reverberation  levels  can  be  estimated  from  tlie  scattering 
strength  values.  It  can  be  seen  that  the  data  represented  by 
the  red  color  has  tlie  highest  reverberation  levels  and  that 
represented  by  blue  has  the  lowest  reverberation  levels.  This 
data  was  supplemented  by  core  samples  and  videos  taken  of 
the  seafloor.  The  high  reverberation  levels  shown  above  are 
associated  with  numerous  shellfish  covering  the  seafloor 
and  the  low  reverberation  is  attributed  to  a  featureless 
seafloor.  Also,  a  correlation  can  be  seen  in  this  data 
between  the  high  levels  of  bottom  backscatter  and  the  degree 
of  clutter  seen  in  tlie  area. 


Fig.  4  Bottom  backscattering  strength  as  a  function  of  grazing  angle 

C.  SEABED  CLASSIFICATION 


energy  in  tlie  multiple  reflections.  This  masking  effect  is 
shown  in  tlie  lower  right  portion  of  tlie  figure.  A  track  plot 
is  shown,  colored  according  to  acoustic  seabed  classification. 


Fig.  5  Bottom  characterization  with  a  broadband  parametric  array 

Analysis  of  the  time  dispersion  of  the  reflection  from  the  sea 
bottom  and  sub-bottom  features  provides  information  as  to 
the  difficulties  of  conducting  mine  hunting  operations  in  a 
spatially  variable  shallow  water  environment  [2]. 

V.  Conclusions 

Rapid  Response  96  was  the  first  demonstration  that  rapid 
environmental  assessment  technologies  could  be  provided  to 
operators  in  a  tactically  useful  timeframe.  Lessons  learned 
from  this  MILOC  exercise  will  impact  the  next  survey  to 
improve  and  expand  the  communication  and  REA 
capabilities.  The  REA  technologies  shown  here  are 
examples  from  the  mine  hunting  viewpoint  and  do  not 
include  the  water  column  (temperature,  salinity,  sound 
velocity)  measurements  that  are  associated  with  all  aspects 
of  undersea  warfare. 
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SLICE  -  A  STABLE  RECONFIGURABLE  PLATFORM 
A  NEW  MCM  OPPORTUNITY 


STEVEN  LOUI  PACIFIC  MARINE  &  SUPPLY 

TERRY  SCHMIDT  LOCKHEED  MARTIN 

STEVEN  LOUI  As  president  of  Pacific  Marine,  Mr.  Loui  has  developed  and 

operates  two  SWATH  Ships;  the  372  It  NAVATEK I  and  the 
94  It  NAVATEK  II.  In  March  of  1997,  Mr.  Loui  will  add  a  third 
small  waterplane  area  ship  to  his  fleet  -  the  SLICE  ATD  vessel. 

TERRY  SCHMIDT  Mr.  Schmidt  has  been  involved  in  high  performance  advanced 

ship  development  including  the  Stealth  Ship  Sea  Shadow  for  over 
20  years.  Currently  Mr.  Schmidt  is  Lockheed  Martin’s 
Program  Manager  for  the  ONR’s  Advanced  Technology 
Demonstration  of  his  patented  high  speed  SLICE  technology. 


INTRODUCTION 

The  suitability  of  SWATH  as  a  mine  countermeasures  platform  was  confirmed  in  studies 
reported  by  the  Naval  Studies  Board  in  1981/82  and  again  in  1993  (MINE 
COUNTERMEASURES  TECHNOLOGY,  VOLUME  IV,  THE  SWATH  AS  AN  MCM 
PLATFORM).  Lockheed  Martin  and  Pacific  Marine  have  developed,  under  an  Advanced 
Technology  Demonstration  (ATD)  cooperative  agreement  with  the  Office  of  Naval 
Research,  an  advanced  high  speed  SWATH  hullform  called  SLICE,  Figure  1  . 
Arrangement,  operations  and  performance  of  the  SLICE  vessel  provide  a  substantial 
improvement  over  the  traditional  SWATH  hullforms  for  the  MCM  missions.  Results  of 
a  conceptual  design  study  using  SLICE  technology  for  an  air  transportable  Mine  Search 
Unit  (MSU)  Craft  are  presented. 


Figure  1  SLICE  ATD  VESSEL 
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SLICE  TECHNOLOGY 


Displacement  ships  have  been  limited  in  speed  by  the  wetted  friction  and  wavemaking 
resistance  created  by  their  hull  forms.  Viscous  resistance  is  determined  by  a  hull’s  wetted 
area  and  speed.  Wavemaking  resistance  is  however  related  to  the  hulls  speed  to  length 
ratio  commonly  referred  to  as  Froude  Number  (F  =  vVgL).  A  large  increase  in  the 
wavemaking  resistance  occurs  at  Froude  numbers  between  0.4  and  0.8.  At  a  hulls  worst 
speed  to  length  ratio  (F=0.5)  the  wavemaking  resistance  of  a  hull  is  often  larger  than  the 
viscous  resistance.  This  speed,  known  as  the  hump  speed,  is  seldom  exceeded. 
Traditionally  a  vessel  is  designed  to  operates  below  the  hump  speed.  If  more  speed  is 
required  the  designer  increases  the  vessel’s  length.  Maximum  ship  speed  vs.  length  is 
shown  in  Figure  2.  As  an  example;  if  a  ships  mission  requires  a  20  knot  speed  then  the 
ship  must  be  at  least  200  feet  in  length  to  operate  efficiently  and  if  the  mission  requires  a 
30  knot  speed  then  a  length  of  over  500  feet  would  be  necessary  for  efficient  operation. 
The  relation  between  viscous  and  wavemaking  resistance  is  shown  in  Figure  3.  It  is 
apparent  that  for  current  displacement  hullform  designs  the  limiting  Froude  Number  for 
efficient  operation  is  0.4. 


Figure  2  DISPLACEMENT  HULL  MAXIMUM  SPEED  VERSES  LENGTH 
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Figure  3  COMPARISON  OF  WAVEMAKING  AND  VISCOUS  RESISTANCE 

A  new  approach  to  reducing  the  resistance  and  allowing  smaller  vessels  to  operate  at  high 
speed  has  been  developed  at  Lockheed  Martin.  The  fundamental  principal  is  to  configure 
the  displacement  portion  of  the  hull  into  short  lengths  (by  traditional  standards)  thus 
allowing  the  hull  to  operate  at  high  Froude  numbers,  past  the  hump,  where  the 
wavemaking  resistance  is  low  as  shown  in  Figure  3.  Due  to  the  short  hull  lengths  the 
wavemaking  hump  (F»0.5)  occurs  at  a  low  speed  where  sufficient  power  is  available  for 
transition  through  the  high  resistance  hump  region.  This  high  Froude  Number  technology 
is  being  demonstrated  by  the  SLICE  ATD  vessel  shown  in  Figures  1  and  4 


Figure  4  SLICE  ATD  Vessel 
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SPECIFICATION  SUMMARY 


The  MSU  Vessel  Concept  design  presented  herein  was  developed  from  the  Mine  Search 
Squadron’s  Boat  Specification  for  the  U.  S.  Navy  Mine  Search  Units.  The  following  is  a 
summary  of  that  specification. 


MSU  CRAFT  MISSIONS  ACOUSTIC  SEARCH  &  REMOTE  VISUAL  ID 

DETECT  AND  IDENTIFY  FOR: 

-  AVOIDANCE 
-NEUTRALIZATION 
- REMOVAL 

RAPIDLY  DEPLOYABLE 

-  AIR  -  C5  AIRCRAFT  TRANSPORT 

-  LAND  .  CONVENTIONAL  TRAILER 

-  72  HRS  -  ASSEMBLE/DISASSEMBLE 

6  CREW  +  2  OPERATORS 

12  HRS  CONTINUOUS  OPERATIONS 

HEAD,  FRESH  WATER,  FOOD  STORAGE/PREP. 

AUTOMATED  BALLASTING  OF  TRIM  &  DRAFT 
CONDUCT  OPERATIONS  AT  0  SPEED,  4-6  Kts,  I8Kts 
CRUISE  15  Kts,  500  NM 

PERFORMANCE  SEAKEEPING 

-HIGHLY  STABLE  PLATFORM  3-5  KNOTS 

-  MOTION  SICKNESS  INDEX  (MSI) 

-MOTION  INDUCED  INTERRUPTIONS  (Mil) 

-  SEA  STATE  4-  SPEEDS  3  TO  18  KNOTS 

SPEED 

-  18  Kts  MINIMUM  FOR  TRANSIT 

-  4-6  Kts  SONAR  TOW 
-OKtsROV  OPS. 

MANEUVERING 

-  ZERO  SPEED  TURNING 

-  20  Kts  WIND  &  3  Kts  CURRENT 

ARRANGEMENT  FOR  TRANSPORT 

-  HEIGHT  MAX  160  INCHES 

-  WIDTH  MAX  216  INCHES 
-PER MIL  STD  1791 

DECKHOUSE 

-  CABIN  HEIGHT  6  FT.  3  IN.  MIN. 

-AREA  PER  PAYLOAD 

PORTABLE  DAVITS  (2)  WITH  WINCHES 
-BOW 
-FANTAIL 
-1000  LBS  CAPACITY 

PAYLOAD  3.9  LT 

TWIN  SCREW 

CONSTRUCTION  SWATH 

COMMERCIAL  PRACTICES 
CERTIFIED-USCG,  ABS,  LLOYDS  OR  OTHER 
ALUMINUM  OR  GRP  -  CORROSION  PROTECTION 
WATERTIGHT  COMPARTMENTATION 
DIESEL  PROPULSION  AND  POWER  GENERATION 
KEELS  -  GROUNDING,  TRAILER,  PIER 
MINIMIZE  MAGNETIC  MATERIAL 
ACOUSTIC  DAMPENING  -  MACHINERY 
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MSU  CRAFT  CONCEPT  SUMMARY 


The  MSU  Craft  Design  Concept  is  based  on  20  years  of  SWATH  research,  development, 
and  construction  at  both  Pacific  Marine  (Navatek)  and  Lockheed  Martin.  The  SLICE 
Advanced  Technology  Demonstration  vessel  currently  being  constructed  under  a 
Cooperative  Agreement  between  the  Office  of  Naval  Research  (ONR),  Lockheed  Martin 
and  Pacific  Marine  is  the  basis  for  the  MSU  Craft  Design.  The  SLICE  configuration  was 
selected  as  the  result  of  numerous  trade  studies  where  it  showed  a  significant  advantage 
over  conventional  SWATH  designs  in  the  following  areas: 

Vessel  Arrangement 

Typically  the  conventional  SWATH  has  Longitudinal  Center  of  Buoyancy  and 
Center  of  Gravity  (LCB/LCG)  problems.  This  results  from  the  need  to  locate  the 
propulsion  system  and  payload  aft  where  with  the  conventional  SWATH 
hull/rudder  arrangement  buoyancy  is  a  minimum. 

The  forward  location  of  the  SLICE  Propulsion  System  allows  for  a  balanced 
design  distributing  the  weight  longitudinally  consistent  with  the  distribution  of 
buoyancy.  Ship  systems  forward  and  payload  aft. 

Vessel  Operations 

The  MSU  Mission  requires  significant  handling  operations  (deployment/towing 
/recovery^oarding)  much  of  which  is  conducted  from  the  stem  of  the  vessel. 

Even  with  its  “Texas  Tower”  and  propeller  guard/shroud  the  TAGOS-19  has  a 
history  of  towed  array  propeller  entanglement  and  damage. 

The  forward  propulsion  of  the  SLICE  arrangement  is  ideal.  With  its  propeller 
amidship  it  is  protected  from  virtually  all  hazards  including  docking,  grounding, 
handling  operations,  vessel  launching,  ground  and  air  transportation. 

Vessel  Performance 

Low  waterplane  area  SWATH  vessels  of  all  types  (single/twin  strut  etc.)  have 
demonstrated  excellent  seakeeping  performance.  Speed  however  has  always  been 
an  issue. 

The  SLICE  ATD  vessel  was  developed  to  operate  efficiently  at  30  kts.  When 
scaled  to  the  MSU  Craft  size  this  speed  equates  to  18  kts,  the  design  requirement. 
Unlike  the  SWATH  which  is  operating  inefficiently  near  its  wave  drag  peak  at  the 
18  kt  speed  SLICE  is  operating  at  peak  efficiency  well  above  the  wave  drag 
hump.  At  towing  speeds  from  0  to  6  kts  the  SLICE  configuration  is  operation 
below  the  wave  drag  hump  at  an  efficiency  equal  to  SWATH. 
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MSU  CRAFT  FEATURES 

The  25  Long  ton  52  foot  vessel  was  determined  through  sizing  studies  to  be  the  minimum 
size  necessary  for  seastate  4  operations  and  payload  requirements. 

GENERAL  CHARACTERISTICS 

HULLFORM  SLICE  High  Speed  SWATH  Variant 

DISPLACEMENT  25  LT 

LENGTH  OVERALL  52  feet 

BEAM 

Operational  26  feet  9  in. 

Transport  12  feet 

HEIGHT 

Operational  17  feet  9  in.  ( baseline  to  top  of  deckhouse) 

Transport  12  feet  8  in. 

DRAFT  6  feet 

PERFORMANCE 

SPEED  18  kts 

SEAKEEPING  Fully  Operational  Through  SS  4 

Preferred  Headings  SS  5 
Survivable  SS  6 

MANEUVERING  Stabilizer  Steering  as  used  on  Sea  Shadow,  TAGOS-19  and 

TAGOS-23  SWATHS  (Lockheed  Martin  Patent) 

Differential  propulsion  hydraulic  drive  motors 

ARRANGEMENT 

DECKHOUSE  10  ft.  x  22  ft. 

DECKAREA  1 100  sq.  ft.  approx. 

HOISTING  Hoisting  Structural  Attachments  (4)  at  Deck  Hinges 

PAYLOAD  3.9  It  (includes  crew) 

BREAKDOWN  No  disconnect  of  subsystems,  electrical,  propulsion  is  required 

Hinged  deck  bolted  joint 
Breakdown  rigging  self  contained 

JACKING  Onboard  hydraulic  jacks  to  support  breakdown  for  transport 

PROPULSION 

APPROACH  Forward  location  ideal  for  payload  weight  distribution  balance 

Forward  propeller: 

minimizes  tow  cable  interference 
maximum  protection  during  tow,  deployment/recovery 
maximizes  propeller  protection  -  tow,  docking,  transport 
PRIME  MOVERS  Two  300  hp  Cummins  Diesels  6CTA8.3M1 

TRANSMISSION  Rexroth  AA4v250  Hydraulic  Pumps 

MOTOR  Rexroth  AA2FM500 

GEARS  3.1:1  Reduction 

PROPELLERS  Fixed  Pitch  3  ft.  6  in.  diameter 

CONTROL  TASC  Control  System,  Proven  Marine  Applications,  Navat^k  II  &  SLICE 

CONFIGURATION  Reconfigurable,  Adaptive  (self  defining,  self  tuning,  graceful  degradation) 

HARDWARE  PC  Based  COTS  System 

SOFTWARE  Motion  Control  -  Integrated  fm  (high  speed)  and  ballast  (low  speed/trim) 

Subsystem  Control,  Monitor  and  Alarm 

Steering,  Propulsion,  GPS  Sensor  Based-Way  Point  Navigation 
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MSU  CRAFT  PERFORMANCE 


RESISTANCE  AND  PROPULSION 


Resistance  and  powering  predictions  shown  in  figure  5  are  based  upon  the  results  of  a  1/4 
scale  model  tests  conducted  at  the  NSWC,  Carderock  Md.  towing  basin.  The  18  Kt 
maximum  speed  of  the  MSU  vessel  can  be  achieved  in  calm  water  with  415  BHP. 


MSU  CRAFT  DRAG  PREDICTION 


0  2  4  8  8  10  12  14  18  18  20 


KNOTS  >  FULL  SCALE 


MSU  POWERING  REQUIREMENTS 


VELOCITY- KTS 


Figure  5  MSU  Resistance  and  Powering 


SEAKEEPING 


Motions  data  shown  in  Figures  6  through  8  were  obtained  in  a  1/4  scale  model  seakeeping 
and  loads  test  conducted  at  the  NSWC,  Carderock  Md.  towing  basin.  Results  presented 
are  for  zero  speed. 


Figure  6  MSU  Zero  Speed  Motions 
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MSU  CRAFT  DESCRIPTION 

The  following  drawings  Present  the  MSU  Craft  concept  General  Arrangement, 
Erection/Transportation  and  Estimated  Weights.  Transportation  and  deployment  of  the 
vessel  can  be  conducted  without  disconnecting  electrical,  hydraulic  or  mechanical  systems. 
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MSU  ESTIMATED  WEIGHTS  STATEMENT 


WBS 

DESCRIPTION 

WEIGHT  fL-TONSl 

100 

STRUCTURE 

11.50 

200 

PROPULSION 

2.10 

300 

ELECTRICAL  POWER 

1.00 

400 

COMMAND  &  CONTROL 

0.40 

500 

AUXILIARY  SYSTCMS 

1.40 

SQQ- 

OUTFIT  &  FURNISHINGS 

0.45 

LIGHTSHIP  SUBTOTAL 

16.85 

MARGIN  I10%1 

IM 

LIGHTSHIP  WITH  MARGIN 

18.54 

F40 

FUEL 

2.30 

F50 

WATER  &  PROVISIONS 

0.23 

F60 

OPERATIONAL  PAYLOAD 

3,93 

FULL  LOAD  CONDITION 

25.00 

CONCLUSIONS 

Application  of  SLICE  technology  to  the  MCM  MSU  craft  has  several  advantages  over 
the  conventional  SWATH  hullform.  The  low  resistance,  high  speed  hullform  allows  a  fuel 
efficient  high  speed  transit  at  reduced  power  for  small  vessels.  With  the  primary 
machinery  spaces  located  forward,  a  well  balanced  weight  arrangement  exists  providing 
for  a  significant  aft  payload  capability  for  MCM  mission  equipment.  Location  of  the 
propellers  amidship  minimizes  the  potential  for  grounding  or  entanglement  during  mission 
operations.  An  MSU  craft  system  using  a  low  waterplane  area  SLICE  hullform  will 
provide  a  highly  effective  MCM  mission  capability. 


7-121 


7-122 


Rapid  Response  Minesweeping 

by  Carl  Fisher,  EDO  Corporation 


EDO  Corporation,  designer  and  developer 
of  the  MK  105  Airborne  Magnetic  Influence 
Minesweep  System,  is  embarking  on  a  new 
generation  of  mine  countermeasures  sys¬ 
tems.  These  systems  incorporate  available 
technologies  for  rapid  introduction  and 
application  to  a  myriad  of  potential  host 
platforms.  The  application  of  this  technol¬ 
ogy  has  made  low-cost,  modular,  mine¬ 
sweeping  systems  available  throughout  the 
world— a  world  facing  a  significant  naval 
mine  threat. 

THE  GLOBAL  MINE  THREAT 

Mines  are  a  cheap  force  multiplier  that  give 
any  nation  in  the  world  the  ability  to  stop 
commercial  or  military  shipping  by  any 
other  sea-going  nation.  The  destructive 
force  of  these  mines  has  been  effectively 
demonstrated  numerous  times  over  the 
past  50  years.  There  are  20  nations  that 
have  the  capability  to  manufacture  mines, 
many  more  that  have  the  capability  to  buy 
and  deploy  these  mines,  and  approximately' 
1  million  mines  in  the  world's  inventory.  Of 
the  18  U.S.  Navy  ships  that  suffered  some 
sort  of  battle  damage  over  this  50-year 
period,  78%  of  them  were  as  a  result  of 
mines.  The  mine  threat  has  successfully 
halted  the  execution  of  amphibious  assault 
operations  and  has  severely  impacted  the 
free  transit  of  commercial  shipping.  Inter¬ 
ruption  of  trade  has  resulted  in  a  significant 
impact  on  the  economies  of  affected 
nations.  Mines  have  the  capability  of  neu¬ 
tralizing  military  superiority  as  well  as  creat¬ 
ing  economic  havoc,  it  is  critical,  therefore, 
that  nations  develop  or  maintain  the  ability 
to  respond  quickly  to  this  threat  in  order  to 
minimize  the  impact  of  their  deployment. 

THE  THREAT  RESPONSE 

The  keys  to  successfully  countering  this 
mine  threat  are  speed  and  effectiveness  of 
response.  Not  only  must  a  nation  be  able  to 
respond  quickly,  but  the  response  must  also 
be  of  sufficient  strength  to  clear  the  threat 
effectively.  The  response  must  be  able  to 
meet  this  threat  at  any  place  of  national 
interest  and  should  be  cost-effective  consid¬ 
ering  the  nature  and  frequency  of  the 
threat. 

Utilization  of  current  mine  countermeasure 
technology  provides  a  low-risk  response  for 
all  nations  and  all  operational  environments. 
This  incorporates  both  open-loop  sweep 
technology  for  maximum  system  effective¬ 
ness  and  a  dipole  magnet  approach  for 
maximum  flexibility  of  deployment.  These 
technologies  do  not  represent  the  results  of 
investment  in  research  and  development  for 


new  technological  approaches,  but  instead 
reflect  a  new  application  of  existing  tech¬ 
nologies.  While  it  is  not  new,  this  technol¬ 
ogy  represents  a  capability  for  a  quick  and 
effective  response  to  this  global  threat.  The 
systems  that  represent  this  approach  are 
the  Modular  Open-Loop  Sweep  system  and 
the  Shallow  Water  Influence  Minesweep 
system. 

RAPID  RESPONSE  MINESWEEPING 
CONCEPT 

The  concept  of  Rapid  Response  Mine¬ 
sweeping  is  based  on  the  principle  of  mod¬ 
ularity  and  flexibility  Having  the  capability 
to  quickly  and  effectively  negate  a  mine 
threat  allows  for  a  national  self-sufficiency. 
Pre-disposition  of  the  rapid  response  mine¬ 
sweeping  components  or  packaging  for 
quick  transit  from  a  central  storage  location, 
and  designing  them  for  use  on  surface  ship 
or  helicopter  platforms,  maximizes  the 
response  capability  and  reduces  the 
required  response  time.  This  response  time 
is  one  of  the  critical  elements  of  this  con¬ 
cept.  Both  the  Modular  Open-Loop  Sweep, 
designed  primarily  for  surface  ships,  and 
the  Shallow  Water  Influence  Minesweep 
System,  designed  for  use  on  small  surface 
ships  and  helicopters,  meet  these  critical 
time  requirements. 

MODULAR  OPEN-LOOP  SWEEP 
SYSTEM 

The  Modular  Open-Loop  Sweep  (MOLS) 


system  is  based  on  a  power  pack  technol¬ 
ogy  that  has  been  proven  in  service  for  over 
25  years  and  is  currently  in  production  for 
the  U.S.  Navy  on  the  MK  105  Mod  4  Air¬ 
borne  Magnetic  Minesweeping  system.  The 
power  pack  includes  a  gas  turbine  generat¬ 
ing  set  using  a  Pratt  &  Whitney  PT-6  turbine 
derivative  as  the  primary  power  source. 
When  coupled  with  a  generator  and  recti¬ 
fier,  it  provides  the  capability  to  generate  an 
output  current  of  3,500  A  and  an  output 
power  of  3.5  KVA.  The  specifics  of  the 
power  pack  technology  as  envisioned  for 
this  application  are  shown  in  figure  1.  Since 
it  generates  its  own  output  power,  no  exter¬ 
nal  power  sources  are  used  for  this  applica¬ 
tion  and  only  an  external  fuel  connection  is 
required.  Therefore,  a  MOLS  system  can  be 
installed  in  a  modular  configuration  on 
almost  any  platform  that  can  accommodate 
a  5,000  lb.  (2,275  kgm.)  payload.  The  sys¬ 
tem  has  the  capability  to  waveshape  and 
pulse  its  output  current.  This  provides  addi¬ 
tional  minesweeping  effectiveness  against 
most  threats.  The  configuration  and  capa¬ 
bility  of  this  system  permit  operation  in 
deep  water  and  achieve  large  swept-path 
performance.  The  speed  range  of  the  sys¬ 
tem  is  dictated  only  by  the  operational  lim¬ 
its  of  the  surface  tow  platform. 

Along  with  this  power  pack,  a  modular 
winch  assembly  and  sweep  cables  are  pro¬ 
vided.  The  power  pack  is  packaged  to  meet 
the  shipboard  requirements  for  noise.  EMI, 
magnetic-  signature  and  salt  water  inges- 


7-123 


tion.  It  is  palletized  for  ease  of  installation 
and  removal. 

One  of  the  features  of  this  system  is  its 
adaptability  to  surface  craft  other  than 
those  dedicated  to  mine  countermeasures. 
This  includes  non-magnetic  commercial 
shipping  having  the  deck  capacity  for  this 
hardware  and  the  capability  to  stream 
sweep  cables  aft  of  the  ship.  Since  there  is 
no  towed  body,  there  is  very  little  tow  capa¬ 
bility  required  by  the  tow  platform.  This 
increases  the  number  of  potential  platforms 
that  can  be  fitted  with  this  system  and  fur¬ 
ther  enhances  the  its  modularity. 

The  power  pack  portion  of  this  system  cur¬ 
rently  in  production  for  the  U.S.  Navy  only 
requires  modifications  involving  repackag¬ 
ing  for  surface  ship  applications  and  modi¬ 
fication  of  the  winch  assembly  as  part  of 
the  modular  configuration. 

SHALLOW  WATER  INFLUENCE 
MINESWEEP  SYSTEM 

The  Shallow  Water  Influence  Minesweep 
System  (SWIMS),  shown  in  figure  2.  was 


developed  in  response  to  recent  difficulties 
in  sweeping  mines  in  the  shallow  water 
environment.  The  technical  basis  of  this  pro¬ 
grammable,  magnetic-influence  sweep 
capability  is  the  application  of  a  dipole  mag¬ 
net,  which  is  suitable  for  brackish  and  river¬ 
ine  environments,  in  a  high-speed  towed 
body.  The  design  drivers  for  the  SWIMS 
were  the  space  and  weight  allowable  for 
total  containment  within  the  cabin/ramp  of 
the  MH-53E  helicopter  during  transit  to  and 
from  the  operating  area.  An  additional  ben¬ 
efit  of  this  design  is  that  it  can  be  towed 
from  helicopters  significantly  smaller  and 
less  expensive  than  the  MH-53E.  and  also 
from  small  surface  ships  and  very  small, 
remote-controlled  surface  platforms. 

The  Shallow  Water  Influence  Minesweep 
System  towed  body  is  10  feet  (3.05 
meters)  long  with  a  diameter  of  20  inches 
(50.8  cm),  weighs  approximately  1000  lbs. 
(455  kgm.)  and  uses  an  external  6  KVA 


power  source.  It  can  be  towed  at  speeds  in 
excess  of  30  knots  and  can  operate  in 
water  depths  less  than  20  feet.  The  body 
contains  a  soft  magnetic  core  wrapped  with 
a  coil  that  is  continuously  charged  to  main¬ 
tain  high  magnetic  levels  at  all  times  during 
the  minesweep  operation.  The  electronics 
required  to  support  this  system  include  five 
control  boxes.  With  the  addition  of  a  laptop 
computer,  the  SWIMS  can  provide  a  ship 
emulation  capability.  This  allows  the  system 
to  conduct  all  types  of  minesweeping  oper¬ 
ations,  be  it  sweeping  generically  against  a 
specific  threat  or  sweeping  to  support  the 
safe  passage  of  specific  platforms. 

The  small  size  and  modular  configuration  of 
the  SWIMS  not  only  make  it  possible  for 
this  system  to  be  deployed  on  board  a  sig¬ 
nificant  number  of  platforms,  but  also  pro¬ 
vide  many  nations  the  capability  to  adapt 
the  system  to  their  current  helicopter  fleet. 
This  provides  an  Airborne  Mine  Counter¬ 
measure  (AMCM)  capability  that,  prior  to 
development  of  the  SWIMS,  was  possible 
only  with  the  purchase  of  the  MH-53E  heli¬ 


copter. 

The  benefits  of  AMCM  have  been  demon¬ 
strated  in  every  U.S.  mine  countermeasures 
operation  since  the  clearance  of  Haiphong 
Harbor  in  1973.  This  system,  which  is 
scheduled  for  operational  testing  under  a 
U.S.  Navy  contract,  can  be  available  for  pro¬ 
duction  as  early  as  FY98. 

RAPID  RESPONSE  MINESWEEPING 
OPERATIONS 

The  systems  that  make  up  the  Rapid 
Response  Minesweeping  concept  provide 
only  half  of  the  concept  viability.  The  sec¬ 
ond  portion  of  this  concept  is  the  opera¬ 
tional  deployment  and  positioning  of  the 
assets  to  maximize  the  system  flexibility 
and  minimize  the  required  response  time  to 
a  mine  threat. 

The  Modular  Open-Loop  Sweep  system 
and  the  Shallow  Water  Influence  Mine- 
sweep  system  are  designed  and  manufac¬ 


tured  to  provide  high  reliability  and 
maintainability,  and  can  be  stored  effec¬ 
tively  with  only  minimum  maintenance 
required.  Within  the  Rapid  Response  Mine¬ 
sweeping  concept,  these  advantages  allow 
the  MOLS  and  the  SWIMS  systems  either 
to  be  stored  at  potential  threat  sites  or  to  be 
packaged  for  quick  transfer  to  a  threat  site 
from  a  central  storage  location.  The  ease  of 
deployment  and  operation  is  critical  to  the 
success  of  this  particular  mission  and  timed 
responses  should  be  in  days,  not  in  weeks. 
The  modularity  of  these  systems  provides 
that  timed  response  flexibility  and 
enhances  a  national  threat  response  pos¬ 
ture  that  may  help  minimize  the  potential 
threat  risk.  These  systems  can  be  rolled  on/ 
off  the  designated  surface  platforms  on  a 
pallet,  bolted  to  the  deck,  connected  to  the 
appropriate  fuel  or  power  source,  depend¬ 
ing  upon  the  selected  system  and  configu¬ 
ration,  and  then  taken  to  sea.  If  towing  from 
a  helicopter,  the  configuration  can  be 
adapted  for  ease  of  installation  and  towed 
body  launch  and  recovery. 

THE  ECONOMICS  OF  RAPID 
RESPONSE  MINESWEEPING 

The  presence  of  rapidly  deployable  mine 
sweeping  systems  in  a  national  inventory  is 
not  just  a  military  asset:  it  is  a  national  eco¬ 
nomic  asset  as  well.  Most  nations  rely  on 
the  ability  to  transit  safely  across  the  worlds 
sea  lanes  of  communications  and  their 
economies  are  dependent  upon  that  free 
trade.  Closure  of  a  major  port  of  trade  can 
have  drastic  results  if  allowed  to  continue 
for  any  length  of  time.  It  is  imperative  to 
small  nation  economies  that  the  mine 
threat,  whether  real  or  merely  threatened, 
be  neutralized  as  quickly  as  possible.  The 
presence  of  mine  clearance  assets  that  can 
immediately  respond  to  these  threats  pro¬ 
vides  a  greater  security  and  minimizes  the 
potential  loss  of  shipping  as  well  as  the 
resultant  economic  impact.  Costs  associ¬ 
ated  with  operations  such  as  the  escorting 
of  tankers  in  the  Arabian  Gulf  in  the  late 
1980's  are  an  example  of  the  economic 
impact  of  a  real  and  perceived  mine  threat, 
and  highlight  the  need  for  organic  national 
mine  countermeasure  systems. 

CONCLUSION 

The  deployment  of  naval  mines  will  con¬ 
tinue  as  a  low-cost  offensive  weapon 
throughout  the  world.  In  the  absence  of 
total  elimination  of  these  weapons,  one  of 
the  most  effective  methods  for  their  neutral¬ 
ization  is  the  rapid  sweeping  of  the  mine 
field.  The  ability  to  minimize  the  operational 
and  economic  impact  of  this  threat  can 
potentially  deter  the  deployment  and  utiliza¬ 
tion  of  mines  and  is  a  positive  step  toward 
negating  their  use.  Quick  and  effective 
response  to  this  ever-growing  threat  can 
save  lives  and  prevent  damage  and  loss  of 
shipping.  EDO  is  proud  to  make  available 
systems  that  help  to  reduce  the  naval  mine 
threat  and  ensure  free  and  open  sea  lanes 
of  communication. 


Electronics 


Tow  Body 


Figure  2. 

Shallow  Water  Influence  Minesweep  System 
(above)  and  Tow  Body  Internal  Structure 
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Implications  of  Single-Point,  Mobile-Charge,  and  Distributed  Wide-Area 

Architectures  for  Mine  Warfare 


Walter  E.  Dence,  Jr. 

Naval  Surface  Warfare  Center,  Dahlgren  Division 
Coastal  Systems  Station,  Code  A61 
6703  West  Highway  98 
Panama  City,  FL  32407-7001  USA 


Abstract — ^Thk  paper  examines  the  potentials  of  emergent  mining 
sensor  and  sensor  fusion  technologies  (1960-1996)  for  use  in  littoral 
water  depths  (50-200-m  range).  Offensive  mining  is  developed  in 
close  cooperation  with  the  mine  countermeasures  (MCM) 
community.  This  benefits  both  communities.  It  improves  offensive 
mines,  as  well  as  MCM  equipment  and  techniques.  The  focus  of  this 
paper  is  the  impact  of  wide  area  mining  to  MCM  in  the  far  term. 
Today’s  MCM  systems  will  be  mature  and  will  have  been  in  the 
Fleet  for  many  years  when  today’s  emergent  mine  technology  is  used. 
The  scope  of  this  paper  is  limited  to  offering  a  mine  developer’s 
viewpoint  to  the  MCM  community.  Results  are  summarized  from 
the  most  recent  35  years  of  mining  and  MCM  development  projects, 
demonstration  tests,  and  war  games.  Applications  include  the 
Littoral  Sea  Mine  (LSM),  mine  sweeping,  mine  hunting,  ship 
self-protection,  and  distributed  autonomous  surveillance  programs. 
Conclusions  are  that  mining  technology  has  the  potential  for 
effectiveness  in  littoral  waters  and  that  MCM  efforts  focused  to  a 
specific  mine  type  will  be  the  most  effective. 

1.  Introduction 

Mining  and  mine  countermeasures  (MCM)  are  being 
revolutionized  by  recent  technology  developments  sponsored  by 
the  Office  of  Naval  Research  (ONR).  Mining  is  evolving  from 
explode-in-place  bottom  and  moored  mines,  to  mobile-charge  and 
wide-area  mining.  This  begins  to  incorporate  friendly  minefields 
into  the  rapidly  connecting  environment  of  today’s  smart 
battlefield.  These  developments  have  far-reaching  implications 
for  MCM.  Hull-borne  vessels  (including  MCM  vessels)  caught 
inside  smart  wide-area  minefields  are  at  substantial  risk. 

MCM  options  include  ship  self  protection,  mine  sweeping, 
hunting,  and  neutralization.  Advanced  degaussing,  acoustic 
masking,  mine  avoidance  sonar  systems,  and  fleet  readiness 
procedures  are  ongoing  programs  in  ship  self  protection. 
Simulated  ships  versus  large-range  sweep  equipment  are 
competing  approaches  in  mine  sweeping.  Finally,  options  for 
neutralization  must  consider  auto-sterilization,  remote  command 
and  control  (RECO),  identify  friend  or  foe  (IFF),  passivation, 
sterilization  by  explosion,  and  dragging  for  distributed  sensor 
links. 

The  mine  designer  begins  with  fleet  requirements  for  minefields 
and  targeted  platforms.  He  selects  candidate  influences,  measures 
and  models  the  targets  and  the  environment.  Next,  he  develops 


and  models  the  sensors  and  the  sensor  fusing  algorithms.  The 
efiectiveness  of  organic  versus  standalone  MCM  hunting  needs  to 
consider  tradeoffs  depending  on  the  expected  location  of 
intermediate-depth  mines  (bottom,  volume,  or  near-surface).  The 
designer  runs  analyses  with  respect  to  many  parameters.  They  are 
location,  influences,  sensor  and  mine  layout,  active  emissions, 
range,  delivery  response  time,  MCM  resistance,  degradations  due 
to  storms  (both  wind-driven  and  geomagnetic),  effectiveness 
against  specific  targets,  cost,  and  the  expectation  of  an  encounter. 
Finally,  the  designer  evaluates  overall  minefield  effectiveness  at 
the  tactical  and  campaign  levels.  These  analyses  can  show  the 
“force  multiplier”  effectiveness  of  offensive  mines. 

Contents  of  this  paper  apply  to  the  Littoral  Sea  Mine  (LSM), 
mine  sweeping,  mine  hunting,  ship  self-protection,  and  distributed 
autonomous  surveillance  programs.  Conclusions  are  that  mining 
technology  has  the  potential  for  effectiveness  in  littoral  waters  and 
that  MCM  efforts  focused  to  a  specific  mine  type  will  be  most 
effective. 

II.  Definitions 

Naval  mines  can  be  categorized  as  explode-in-place  (EIP), 
mobile  charge,  and,  more  recently,  wide  area.  This  reflects  the 
evolution  of  mines  (the  Civil  War  era)  into  torpedoes  (WWII), 
with  much  of  the  post- WWII  mine  development  effort  devoted  to 
mobile-charge  mines  (using  encapsulated  torpedoes.)  More 
recently,  research  opportunities  in  underwater  communications 
have  refocused  mining  R&D  efforts  toward  wide-area  mining. 
This  begins  to  bring  mining  into  the  network  of  the  smart 
battlefield. 

The  EEP  mine,  Fig.  1 ,  is  cheap,  very  hard  to  find  completely  (for 
bottom  mines  due  to  burial,  etc.),  and  has  proven  effectiveness 
[  1  ] .  It  is  commonly  used  in  both  bottom  and  moored  forms.  No 
human  is  needed  to  provide  24-hour  operation,  a  force  multiplier. 
However,  the  detection  and  damage  ranges  are  limited  (-<t50  m), 
forcing  the  miner  to  produce,  stockpile,  maintain,  and  deploy 
many  mines.  This  also  limits  the  area  that  can  be  mined,  forcing 
careful  planning  to  ensure  that  the  mines  are  planted  where  the 
high-value  targets  are  going  to  sail. 

In  deeper  waters  (>50  m),  EIP  mines  are  often  moored.  In 
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Explode  In  Place 


WIDE  AREA  MINE 


Fig.  3.  Wide  Area  Mine,  Deployable  Autonomous  Distributed  Surveillance 
combined  with  a  Long-Range  Weapon 


addition,  in  these  deeper  waters,  required  minefield  widths  are 
greater.  For  instance,  in  WWI,  the  North  Sea  Barrage  planted 
more  than  70,000  moored  mines  in  1918  [2].  This  experience 
and  the  requirement  drove  the  development  of  the  mobile-charge 
mine.  Fig.  2.  This  mine  releases  an  encapsulated  torpedo.  It 
covers  a  larger  range  (up  to  a  mile)  than  the  range  of  an  EIP  mine 
(-50  m).  TMs  vastly  reduces  the  number  of  mines  required  to  be 
deployed  to  cover  wide,  deep  minefields.  This  type  of  mine  also 
has  proven  its  effectiveness  (in  nonlittoral  waters  only),  and  like 
the  EIP  mine,  requires  no  human  intervention  to  provide  24-hour 
operation.  In  order  to  extend  a  mobile-charge  capability  to  littoral 
waters,  substantial  R&D  has  been  performed  on  the  Littoral  Sea 
Mine  (LSM),  and  on  the  Improved  Submarine-Layed  Mobile 
Mine  (ISLMM). 

The  limitations  of  the  EIP  mine  to  cover  large  littoral  areas 
efficiently  and  affordably,  and  the  lack  of  proven  torpedoes  and 
sensors  for  mobile-charge  mines  in  shallow  waters  (50-200-m 
deep),  is  now  driving  technology  development  for  mobile-charge 
and  wide-area  mines.  Wide-area  mines,  Fig.  3,  employ  many 
networked  sensors.  They  build  on  recent  research  results  in  the 


Fig.  2.  Mobile  Charge  Mine,  Both  Bottom  and  Moored — Bouyant  Rising, 
Encapsulated  Torpedo,  Rocket  Propelled,  etc. 


underwater  communications,  networking,  and  smart  battlefield 
areas.  Targets  are  detected,  tracked,  and  targeted  by  using 
surveillance-based  capabilities.  Humans  can  monitor  the 
minefield,  and  issue  commands  to  arm  or  disarm  it,  based  on 
actual  wartime  evolutions,  not  predicted  ones. 

The  extremely  wide,  continuous  sensor  coverage  allows  the 
torpedo  to  attack  over  its  full  propulsion  range  (up  to  several  lO's 
of  nautical  miles).  Sensors  may  be  in  place  at  no  cost  to  the 
miner,  due  to  nonmining  requirements  from  the  surveillance 
community.  For  these  reasons,  only  a  handful  of  torpedoes  may 
be  needed  to  provide  the  required  threat. 

Because  the  wide-area  minefield  can  be  so  large  (hundreds  of 
nautical  miles),  minefield  avoidance  may  not  be  a  practical  option 
for  the  enemy.  In  addition,  any  hull-borne  vessels  (including 
MCM  vessels)  that  get  caught  well  inside  the  minefield  are  at 
great  risk  from  attack  from  stealthy  electric  torpedoes.  These  can 
come  from  great  distance,  may  be  undetectable  in  shallow  water, 
and  can  burst  into  high-speed  attack  when  very  close  to  the  target. 

Since  wide-area  mine  sensors  provide  nearly  continuous 
coverage,  breakthroughs  of  the  minefield  by  the  enemy  are 
unlikely.  Finally,  the  wide-area  minefield  provides  a  dual-use 
capability  to  our  forces,  supporting  both  surveillance  and  mining 
requirements. 

The  benefits  of  mining  from  the  miners  point  of  view,  for  the 
various  mine  types,  as  indicated  in  the  Section  II,  are  summarized 
in  Table  I. 

III.  Implications  FOR  MCM 

Naval  MCM  involves  various  options  in  operations,  platforms, 
and  equipments.  MCM  operations  can  be  categorized  as 
intelligence  gathering,  reconnaissance,  hunting,  (detection, 
localization,  classification,  and  neutralization),  and  sweeping. 
Platform  options  range  from  dedicated  MCM  assets  to  organic 
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TABLE  I 

Benefits  OF  Explode-in-Place,  Mobile-Charge,  and  Wide-Area  Mines  to  the  Miner 


Explode  in  Place 

Mobile  Charge 

Wide  Area 

Cheap,  hidden. 

Fewer  required  than  EIP.  (More  than  70,000 
moored  EIP  mines  were  planted  during 
the  North  Sea  Barrage  in  1918.) 

Only  handfuls  required.  (The  extremely  wide,  continuous  sensor  coverage  allows 
the  torpedo  to  attack  over  its  full  propulsion  range.  Sensors  may  be  in  place  at 
no  cost  to  the  miner,  due  to  surveillance  requirements.) 

Proven  effectiveness. 

Proven  effectiveness  in  nonlittoral  waters. 

Active  R&D. 

No  human  needed  for 
24-hour  operation. 

No  human  needed  for  24-hour  operation. 

Human  in-the-loop  required.  (Part  of  the  C^I  smart  battlefield.) 

The  enemy  cannot  avoid  the  minefield,  even  if  found,  because  it  may  be  too  large  to 
pass  around. 

Any  hull-borne  assets  (including  MCM  vessels),  caught  inside  the  minefield  are  at 
very  high  risk. 

Breakthroughs  by  the  enemy  are  unlikely. 

Dual  use  (mining  and  surveillance.) 

ship  self-protection  capabilities.  Both  manned  and  unmanned 
platforms  are  considered,  due  to  the  substantial  dangers  of 
operations  in  live  naval  minefields.  Equipments  are  available  to 
find  and  cut  the  cables  of  moored  mines,  to  sweep  and  spoof 
influence-fired  mines  (using  magnetic,  acoustic/seismic,  and 
pressure  influences),  and  to  find  and  neutralize  other  remaining 
mines,  including  some  buried  mines. 

The  selection  of  appropriate  MCM  options  is  strongly  affected 
by  the  types  of  mines  encountered,  EIP,  Mobile  Charge,  or  Wide 
Area. 

Since  many  EIP  mines  are  needed  to  cover  very  large  areas,  it 
can  be  expected  that  such  mines  will  be  plant^  into  definite 
minefield  segments.  Intelligence  gathering  and  reconnaissance, 
therefore,  are  appropriate  operations,  since  a  lower-risk  path 
through  or  around  the  minefield  may  exist.  Alternatively,  MCM 
operations  can  be  focused  to  desired  channels  for  the  near-term, 
highest-priority  needs,  to  provide  cleared  channels  of  adequately 
low  risk. 

Mobile  charge  mines  combine  detection,  localization,  and 
targeting  sensors  with  a  torpedo,  etc.,  at  a  single  location.  The 
attempt  to  do  these  functions  reliably  from  a  single  location  (at  the 
mine),  can  often  result  in  the  mine’s  use  of  an  active  confirmation 
(sonar).  Organic  MCM  should  therefore  attempt  to  listen  for  such 
sonars,  to  capture  the  pings,  and  to  tiy  to  avoid  the  mines  and  the 
minefield.  Since  mobile-charge  mines  are  expensive  per  copy 
(not  necessarily  per  minefield),  it  can  be  expected  that  there  mi^t 
not  be  many  of  them.  It  is  therefore  also  worth  considering  to  find 
or  create  gaps  in  the  sparse  line  of  mines.  Then  attempt 
breakthroughs  in  the  low-risk  lanes. 

The  essential  technology  that  enables  consideration  of 
development  of  wide-area  mining,  is  communication  among 
sensors,  master  nodes,  operational  (OPS)  centers,  and  weapons. 


These  communication  links  are  required  to  be  covert,  jam- 
resistant,  low-power,  and  reliable  networks.  Nevertheless,  MCM 
options  should  attempt  to  detect  inter-sensor  communications. 
Use  of  unmanned  or  non-hull-bome  platforms  (helicopters, 
autonomous  underwater  vehicles,  etc.)  will  reduce  risk  to 
humans. 

Alternately,  attempts  may  be  made  to  jam  the  communication 
links.  However,  jam  resistance  is  a  design  requirement  of  these 
networks,  so  this  also  may  not  be  effective. 

Another  approach  is  to  recognize  that  the  number  of  weapons 
deployed  into  a  Wide  Area  Minefield  should  be  very  small,  even 
much  less  than  the  reduced  number  required  for  the  Mobile- 
Charge  minefield,  (relative  to  an  EIP  field).  MCM  forces  might 
consider  hunting  for  the  weapons,  finding  and  neutralizing  them. 
As  before,  use  of  unmanned  or  non-hull-bome  platforms  will 
reduce  the  risk  to  humans.  If  hull-borne  platforms  are  used,  MCM 
forces  should  listen  to  detect  quiet  attacking  torpedoes.  They 
should  be  prepared  to  employ  anti-torpedo  countermeasures  if 
attacked. 

Finally,  MCM  forces  should  consider  that  a  Wide  Area 
Minefield  is  very  likely  to  include  a  man-in-the-loop  OPS  center. 
If  this  is  the  case,  then  finding  and  destroying  this  OPS  center 
should  be  considered. 

The  implications  for  MCM  from  the  miners’  point  of  view,  for 
the  various  mine  types,  as  indicated  in  the  Section  III,  are 
summarized  in  Table  II. 

IV.  Discussion 

The  options  for  naval  MCM  are  varied — ^fi‘om  manned  hull- 
borne  dedicated  MCM  ships,  to  unmanned,  autonomous  vehicles; 
from  intelligence  gathering  to  sweeping,  hunting,  and 
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TABLE  II 

Implications  OF  Explode-in-Place,  Mobile-Charge,  and  Wide-Area  Mines  to  MCM 


Explode  in  Place 

Mobile  Charge 

Wide  Area 

Too  many  mines  are  required  for  extremely 
wide  area  mining. 

Relatively  small  and  dense  minefields. 

Organic  MCM — Try  to  capture  pings  and 
avoid  the  mines. 

Try  to  detect  inter-sensor  communications  with  non-hull-bome 
platforms  (helicopters,  autonomous  underwater  vehicles, 
etc.) 

Jam  communications. 

Find  the  minefield  segments,  and  avoid  or 
counter  mines  in  those  areas. 

Try  to  fmd/create  gaps;  then  attempt 
breakthroughs  in  low-risk  lanes. 

Try  to  find  and  neutralize  the  small  number  of  weapons 
(torpedoes). 

Listen  to  detect  attacking  torpedoes;  prepare  anti-torpedo 
countermeasures  for  use  if  attacked. 

Find  and  destroy  surveillance  OPS  Site. 

neutralization;  from  cutting  cables  of  moored  mines,  to  hull- 
quieting  to  avoid  actuations  of  influence  mines.  Study  and 
knowledge  of  the  various  types  of  minefields  affects  MCM 
planning,  and  the  options  selected  for  MCM  operations. 

For  EIP  fields,  the  traditional,  well-developed  disciplines  of 
intelligence  gathering,  hunting,  and  sweeping,  are  most 
appropriate.  Yet  for  Wide  Area  minefields,  these  methods 
have  serious  deficiencies.  In  particular,  the  time  required  to 
find  and  identify  the  mines,  and  the  extreme  danger  of  hull- 
borne  vessels  that  find  themselves  well  within  a  Wide  Area 
Minefield,  substantially  increase  the  consideration  that  should 
be  given  to  unmanned,  remote  hunting  and  neutralization 
options. 

V.  Conclusions 

EIP  mines  have  relatively  small  (--50  m)  sensor  and  damage 
ranges. 

Mobile  charge  mines  have  a  larger  sensor  range  (<1  nmi), 
but  this  severely  limits  the  potential  propulsion  range  of  an 
attacking  encapsulated  torpedo  (-lO's  of  nmi). 

Wide  area  mines  provide  sensor  ranges  (--lOO's  of  nmi)  that 
make  the  most  efficient  use  of  the  potential  propulsion  ranges 
of  torpedoes. 

Hull-borne  vessels  (such  as  MCM  ships,  DD’s,  etc.)  that 
find  themselves  well  within  the  boundaries  of  wide  area 
minefields,  are  at  substantial  risk  from  the  attack  of  stealthy 
electric  torpedoes.  These  can  come  from  great  distance,  may 
be  undetectable  in  shallow  water,  and  can  burst  into  high-speed 
attack  when  very  close  to  the  target. 


Wide  area  minefields  will  contain  far  fewer  weapons  than 
EIP  or  mobile-charge  minefields  of  comparable  dimensions. 

Wide  area  minefields  depend  heavily  on  communications 
technologies,  and  will  include  a  man-in-the-loop. 

VI.  Recommendations 

MCM  forces  should  carefully  monitor  potential  enemy 
capabilities  for  signs  of  wide-area  mining. 

MCM  platforms  deployed  against  wide-area  minefields 
should  emphasize  air,  or  unmanned-remote  vehicles,  due  to  the 
substantial  risk  of  attack  from  stealthy  electric  torpedoes. 

MCM  against  wide-area  minefields  should  consider 
interception  and/or  jamming  of  the  minefield’s  communication 
links. 

Since  the  number  of  weapons  is  predicted  to  be  small, 
hunting  and  neutralization  of  the  weapons  should  be 
considered. 

Location  and  destruction  of  the  surveillance  OPS  center  may 
also  be  an  effective  tactic  in  reducing  the  threat  from  wide  area 
minefields. 
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Celeste  Z.  Hansel 
Coastal  Systems  Station 
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ABSTRACT  -  This  paper  gives  a  brief  history  of  minehunting  by  the  U.  S.  Navy. 
Beginning  with  the  development  of  sensors  for  mine  detection,  it  traces  the  evolution  of 
acoustic,  magnetic  and  optic  detection  sensors.  As  minehunting  experience  expanded  into 
more  varied  and  critical  environments,  the  need  of  more  accurate  sensors  led  to 
classification  and  identification  sensors.  Neutralization  equipment  and  procedures  have 
also  evolved  in  recent  years  with  the  use  of  remotely  operated  vehicles  (ROVs).  The 
process  of  integrating  these  sensors  and  equipment  into  contemporary  complex 
minehunting  systems  is  described.  Much  of  this  paper  focuses  on  the  current  minehunting 
capabilities  and  the  history  which  preceded  its  development.  Near  term  and  future 
minehunting  technologies  are  also  briefly  discussed. 

INTRODUCTION 

Minehunting  technology  has  evolved  in  response  to  the  most  recent  conflict  and 
evolving  threats.  The  process  we  think  of  as  modem  minehunting  began  in  World  War  II. 
The  Germans  developed  bottom  mines  with  magnetic,  pressure  and  acoustic  influence 
mechanisms.  Mines  had  to  be  swept  multiple  times  with  different  influence  sweeps.  This 
was  a  very  dangerous  and  time  consuming  process  which  led  to  the  need  to  find  the  mines 
so  that  they  could  be  identified  for  sweeping,  individually  neutralized,  or  avoided. 

Various  acoustic,  magnetic,  and  optic  sensors  have  been  developed  since  World  War  II  to 
aid  in  the  minehunting  problem.  Many  of  these  systems  were  one-of-a-kind  concept 
demonstrations  which  were  never  produced  in  great  numbers.  Navigation  technology  has 
also  played  an  important  role  in  accurately  locating  mine  positions  during  minehunting. 

The  objective  of  minehunting  is  to  detect,  classify,  identify,  and  localize  mines  for 
neutralization  or  avoidance.  Detection  is  determining  if  an  object  is  present,  either  in  the 
ocean  volume  or  on  the  bottom.  Classification  determines  if  it  is  sufficiently  minelike  for 
further  investigation.  Classification  decides  if  the  object  has  the  size  and  shape  of 
expected  mines.  Identification  resolves  that  it  definitely  is  or  is  not  a  mine.  Identification 
is  generally  done  visually  at  very  short  ranges  with  a  diver  or  underwater  camera. 
Localization  accurately  determines  the  object’s  position  and  relies  on  the  navigation 
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system.  Each  of  these  functions  is  an  important  part  in  minehunting.  Today’s 
minehunting  systems  have  integrated  detection,  classification,  identification  and 
neutralization  capabilities. 


The  dedicated  minehunting  platforms  which  are  currently  in  the  fleet  are  the  MCM 
1  and  MHC  51  ships  and  the  MH-53E  helicopter.  MCM  2  through  MCM  9  possess  the 
AN/SQQ-30  sonar  for  detection  and  classification  and  the  AN/SLQ-48  Mine 
Neutralization  System  for  identification  and  neutralization.  The  remainder  of  the  MCM  1 
ships  and  all  MHC  51  ships  have  the  AN/SQQ-32  sonar  for  detection  and  classification 
and  the  SLQ-48  MNS  for  identification  and  neutralization.  This  combination  of  sonar 
systems  and  Mine  Neutralization  System  integrate  detection,  classification,  identification 
and  localization  capabilities. 

Airborne  MCM  is  performed  with  the  MH-53E  helicopter  towing  the  AN/AQS-14 
side  scan  sonar  which  combines  detection  and  classification  into  one  sonar.  Identification 
and  neutralization  are  then  performed  by  Explosive  Ordnance  Disposal  personnel  or  MCM 
ships  with  Mine  Neutralization  Systems. 

CURRENT  MINEHUNTING  CAPABILITY 

The  MCM  1  oceangoing  minehunter,  known  as  the  “Avenger”  class  is  built  with  a 
wooden  hull  covered  by  a  thin  coating  of  fiberglass.  To  date  14  have  been  commissioned. 
They  are  224  feet  long  and  were  planned  to  address  the  blue  water  as  well  as  coastal  mine 
threat.  They  use  the  AN/SSN-2(V)  Precise  Integrated  Navigation  System  (PINS)  for 
navigation.  Accurate  shipboard  navigation  permits  accurate  localization  of  the  mine  for 
avoidance  or  neutralization. 

The  MHC  51  “Osprey”  class  minehunter  coastal  is  built  using  GRP  (Glass- 
Reinforced  Plastic)  construction.  It  is  188  feet  long  and  with  a  slower  speed,  and  shorter 
range  was  developed  for  coastal  minehunting.  The  class  is  designed  with  modularized 
and  interchangeable  mine  countermeasures  equipment  which  permit  the  ship  to  perform 
one  mission  at  a  time.  It  uses  an  AN/SYQ-13  navigation  command  system. 

The  older  AN/SQQ-30  minehunting  sonar  uses  separate  detection  and  high 
resolution  classification  sonars  on  different  frequencies  with  separate  displays  and 
operators.  It  is  a  variable  depth  sonar  with  a  hydrodynamic  towed  body  which  is  stored  in 
a  well  in  the  forward  part  of  the  vessel.  The  newer,  AN/SQQ-32  advanced  minehunting 
improves  on  the  detection  and  classification  capabilities  of  the  AN/SQQ-30.  The  system 
displays  search  and  classification  information  simultaneously  and  independently,  using 
separate  transducers  in  a  stable,  variable-depth  body.  The  AN/SQQ-32  can  operate  at 
greater  depths  than  the  AN/SQQ-30  and  at  higher  speeds. 
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Mine  identification  and  neutralization  are  performed  using  the  AN/SLQ-48  Mine 
Neutralization  System.  It  is  a  remotely  operated,  unmanned  vehicle  with  a  forward  looking 
sonar  and  a  low-light  TV.  Once  a  mine  like  contact  is  detected  and  classified,  the  MCM 
or  MHC  can  remain  a  safe  distance  away  and  send  in  the  Mine  Neutralization  Vehicle  for 
identification.  Information  from  the  vehicle’s  sensors  is  sent  back  to  the  ship  via  the 
vehicle  tether.  The  forward  look  sonar  is  used  to  vector  the  MNV  to  the  moored  or 
bottom  target  and  the  television  camera  is  used  for  identification  at  very  close  range.  The 
MNV  carries  a  cable  cutter  to  cut  mooring  cables  and  allow  the  mine  to  float  to  the 
surface  where  it  is  neutralized  or  recovered.  It  also  carries  a  bomblet  which  it  can  drop  on 
a  bottom  mine.  The  bomblet  is  acoustically  activated  after  the  MNV  has  safely  returned 
to  the  ship. 

Use  of  the  MNS  improves  the  safety  of  minehunting,  by  allowing  the  MCM  to 
identify,  and  neutralize  at  a  safe  distance,  however  there  is  still  the  danger  of  drifting  into 
an  undetected  mine. 

An  MH-53E  Sea  Dragon  helicopter  towing  the  AN/AQS-14  minehunting  sonar 
can  also  be  used  for  detecting  and  classifying  mines  at  a  relatively  safe  distance.  The 
AN/AQS-14  airborne  sonar  consists  of  three  components;  an  active  stabilized  underwater 
towed  vehicle,  an  electromechanical  tow  cable,  and  airborne  electronics  console.  The 
mulitbeam  side-looking  sonar  employs  electronic  beam-forming  technology  to  provide 
focusing  over  the  sonar  range  coverage.  The  adaptive  processor  allows  hand-off 
operation  through  varying  bottom  reverberation  environments.  Two  operators  man  the 
control-monitor  console  onboard  the  helicopter.  The  unit  includes  a  television  moving- 
window  sonar  display,  underwater  vehicle  controls  and  status  displays,  system  status 
indicators,  magnetic  tape  recording  for  sonar  and  other  mission  data,  tape  playback  and 
controls,  and  the  built-in  test  equipment  controls  and  displays.  A  duplicate  console  is 
used  shoreside  for  additional  post  mission  analysis.  System  functions  cover  all  tasks 
needed  to  locate,  classify,  mark,  permanently  record  and  review  records  of  mines,  mine¬ 
like  objects  and  underwater  terrain  features. 


MINEHUNTING  HISTORY  TIMELINE 

The  first  true  modem  minehunting  effort  evolved  during  World  War  II.  The 
Germans  developed  mines  which  rested  on  the  bottom  and  could  not  be  spotted  from  a 
bow  watch  or  the  air.  They  also  developed  magnetic,  acoustic  and  pressure  influence 
mines.  A  minefield  containing  some  of  each  of  these  influence  mines  would  have  to  be 
swept  multiple  times  with  different  types  of  influence  sweeps.  There  was  great  danger  in 
sweeping  a  minefield  with  only  one  type  of  sweep  at  a  time.  If  you  were  sweeping  with  a 
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magnetic  sweep,  you  were  vulnerable  to  pressure  and  acoustic  mines.  Also  in  the  time  it 
would  take  to  sweep  and  resweep,  you  could  not  clear  an  area  in  a  timely  manner.  This 
lead  to  the  need  to  find  the  mines  (detection),  locate  their  exact  positions  (location),  and  if 
possible  identify  what  type  of  mine  they  were  (identification). 

Active  hunting  of  minefields  required  integration  of  emerging  sensor  and 
navigation  technology.  The  most  promising  mine  detection  sensors  were  sonars  and 
magnetic  detectors.  One  FM  sonar  designated  QLA  was  developed  at  the  Navy 
Electronics  Laboratory  in  San  Diego  California.  It  was  originally  developed  and  installed 
on  submarines  for  Antisubmarine  Warfare  (ASW)  and  was  used  successfully  to  detect  and 
avoid  floating  mines.  The  Harvard  Underwater  Sound  Laboratory  developed  several 
versions  of  a  short-pulse  electronically  scanned  sonar.  They  were  called  the  Underwater 
Object  Locator  (UOL)  Mk  I  through  IV  but  were  not  successful  enough  to  be  deployed 
during  the  war.  These  early  models  used  a  variety  of  techniques  including:  pulse,  cw 
multiffequencies,  A-scan  (amplitude  vs.  range),  B-scan  (range  vs.  bearing  with  intensity 
modulation),  C-scan  (elevation  vs.  bearing  with  intensity  modulation),  sector  scan  and 
stereo  operation.  The  Mk  IV  was  a  pulse  sonar  and  is  considered  the  beginning  of  the 
approach  presently  used  by  current  minehunting  sonars. 

During  the  Korean  war  the  UOL  Mk  IV  was  replaced  by  the  AN/UQS-1 
minehunting  sonar  which  was  installed  on  all  the  MSOs  and  MSCs.  The  ANAJQS-1  was 
a  hull-mounted  sonar  and  more  than  120  units  were  produced. 

In  the  1950’s,  sonar  technology  significantly  evolved.  Detection  sonars  were 
improved  and  new  sonars  were  developed  to  address  the  problems  of  classifying  mines. 
Because  the  AN/UQS-1  was  hull  mounted,  mine  detection  problems  often  occurred  when 
adverse  sound  velocity  gradients  were  encountered.  To  overcome  this  problem,  the 
AN/UQS-1  soundhead  was  mounted  on  an  articulated  strut  and  redesignated  the 
AN/SQS-15,  the  first  variable  depth  minehunting  sonar.  It  was  during  this  time  that  it  was 
recognized  that  higher  frequency  sonars  provided  better  resolution  of  targets.  The  U.S. 
contracted  with  General  Electric  to  develop  the  CXRP  high-frequency  classification  sonar. 
This  sonar  was  evaluated  in  1957  and  1958  and  found  to  be  effective  as  a  classification 
sonar.  It  was  used  with  the  lower  frequency  detection  sonar  which  had  a  much  longer 
range.  Since  this  time,  U.S.  minehunting  ships  use  lower  frequency  detection  sonars  for 
initial  detection  and  separate  higher  frequency  classification  sonars  to  classify  at  shorter 
ranges. 


In  1960,  the  AN/SQS-15  and  CXRP  evolved  into  the  AN/SQQ-14  sonar  that 
combined  the  detection  and  classification  sonars  in  a  single  variable  depth  system.  The 
AN/SQQ-14  was  the  primary  shipboard  minehunting  sonar  for  the  next  25  years. 
Identification  and  neutralization  at  this  time  were  mainly  performed  by  EOD  divers.  In  the 
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late  1960’s  the  moored  and  bottom  mines  typically  used  during  World  War  II,  evolved 
into  a  deep  ocean  mine  threat.  The  AN/SQQ-14  was  modified  to  operated  at  deeper 
depths  and  evolved  into  the  AN/SQQ-30  which  began  production  in  1984.  With  more 
improvements  and  updated  electronics  it  has  evolved  theAN/SQQ-32. 

Going  back  to  the  1950’s  and  following  another  evolutionary  trail,  the  C-Mk-1 
Shadowgraph  sonar  was  developed.  It  was  a  very  high-frequency,  high-resolution,  short 
range  sidelooking  sonar  in  which  detection  and  classification  would  be  done  with  the  same 
information.  The  C  Mk-1  used  a  line  transducer  with  a  radius  of  curvature  equal  to  the 
height  above  the  bottom  so  that  the  transmit  and  receive  beams  were  in  focus  at  all  ranges 
in  a  line  along  the  bottom.  It  produced  very  high  resolution  displays  of  the  bottom  and 
was  used  for  channel  mapping  by  the  Navy  Oceanographic  Office.  The  C  Mk-1  was  the 
first  sidelooking  sonar  and  eventually  led  to  the  development  of  the  AN/AQS-14  for  use 
with  helicopters.  The  AN/AQS-14  was  evaluated  in  1971,  has  undergone  several 
modifications,  and  is  in  use  today. 

During  the  clearing  of  Wonsan  harbor,  aircraft  and  helicopters  were  used  to  spot 
mines  from  the  air.  Helicopters  were  also  used  for  marking  minefields  with  buoys. 
Throughout  the  1960’s  and  1970’s  helicopters  were  increasingly  relied  upon  for 
minehunting  and  minesweeping  capability.  Airborne  MCM  assets  are  well  suited  for  rapid 
response  and  contingency  operations  and  play  a  major  role  in  today’s  minehunting 
resources. 

Navigation  technology  has  always  been  an  important  factor  in  minehunting 
effectiveness.  Since  World  War  II,  bouys  have  been  used  to  mark  minefields  and  cleared 
areas.  Range  measuring  systems,  differential  range  measuring  systems  and  azimuth  or 
radial  systems  have  all  been  developed  and  evaluated  over  the  years  for  minehunting 
navigation.  These  systems  all  required  a  fixed  accurately  known  position  and  suffered  to 
varying  degrees  when  it  was  lacking.  Today’s  minehunting  platforms  use  integrated 
command  and  control  systems,  the  AN/SSN-2(V)  PINS  on  the  MCM  1  class  and  the 
AN/SYQ-13  on  the  MHC  51  class  ships.  PINS  uses  the  TRANSIT  SATNAV  system  to 
provide  navigation  fixes,  interfaced  via  PINS  with  the  ship’s  Doppler  sonar  operating  in 
either  ground  speed  or  water  speed  modes.  Other  interfaced  systems  include  LORAN  C 
and  Hyperfix. 


MINE  COUNTERMEASURES  SHIFT  IN  FOCUS 

The  current  MCM  emphasis  is  to  develop  a  capability  to  rapidly  respond  to  critical 
littoral  situations.  This  is  being  done  by  building  an  organic  minehunting  and 
neutralization  capability  in  carrier  battle  groups  and  amphibious  ready  groups  that  enable 
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them  to  conduct  mine  countermeasures  operations  enroute  to  an  objective  area.  Organic 
MCM  will  consist  of  smaller  unmanned  autonomous  and  semi-autonomous  platforms  for 
minehunting  and  reconnaissance.  These  small  platforms  can  be  quickly  transported  where 
they  are  needed  throughout  the  world  and  may  be  supported  from  a  number  of  non-MCM 
platforms. 

Several  systems  presently  available  in  limited  numbers  as  deployment  contingencies 
are  the  Remote  Minehunting  System  and  Magic  Lantern  mine  detection  system.  In 
addition,  the  next  evolution  of  the  AN/AQS-14  airborne  minehunting  sonar,  the  AN/AQS- 
20,  is  currently  being  developed. 

These  systems  attempt  to  solve  some  of  the  next  generation  of  technical  problems. 
These  problems  include  integration  of  multiple  sensors  and  data  fusion,  realtime 
processing  and  storage  of  large  amounts  of  data,  computer  aided  detection,  classification, 
and  identification,  autonomous  vehicle  control,  and  high  data  rate,  secure 
communications. 

One  organic  system  currently  being  developed  is  the  Remote  Minehunting  System. 
It  is  to  provide  battle  groups  and  individual  surface  combatants  with  an  organic  means  of 
detecting  and  avoiding  mines.  The  remotely  operated  system,  using  computer  aided 
detection  and  precise  navigation  systems  will  detect  and  classify  mines  and  their  locations 
for  avoidance  or  subsequent  removal.  The  system  is  designed  to  be  air  transportable  to 
forces  anywhere  in  the  world. 

The  RMS  is  a  high-endurance,  offboard,  low-observable  system  launched, 
operated,  recovered,  and  maintained  from  a  host  ship.  It  uses  acoustic  sensors  housed  in  a 
variable  depth  underwater  body  for  detection,  classification,  and  localization  of  mine-like 
objects.  All  equipment  needed  to  perform  data  processing,  display,  recording,  and  mission 
analysis  functions  are  transported  with  the  RMS  and  installed  on  the  host  platform.  RMS 
(V)l  completed  a  concept  demonstration  in  October  of  1994  and  participated  successfully 
in  Kernel  Blitz  ‘95  as  a  reconnaissance  asset  aboard  the  USS  John  Young,  DD-973. 

Magic  Lantern  mine  detection  system  has  been  tested  in  the  Gulf  of  Mexico.  It  is  a 
light  detection  and  ranging  system  located  on  the  MH-53E  helicopter.  It  emits  short  blue- 
green  laser  pulses  into  the  water.  Direct  reflections  or  shadows  are  received  by  six 
electronically  gated  image-intensified  cameras,  each  focused  on  a  different  depth.  The 
system  can  detect,  classify  and  localize  mines  in  surf  and  landing  craft/  beach  zones.  Due 
to  the  large  amount  of  received  data.  Magic  Lantern  utilizes  real  time  Automatic  Target 
Recognition  (ATR),  providing  the  operator  with  processed  detection/  classification 
information  rather  than  displays  of  sensor  data. 
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The  AN/AQS-20  is  the  next  evolution  of  the  AN/AQS-14  airborne  minehunting 
sonar.  This  system  will  be  towed  by  an  MH-53  helicopter  for  detection,  classification,  and 
marking  of  tethered  and  bottom  mine-like  objects.  The  AN/AQS-20  integrates  multiple 
sonars,  a  side  scan  sonar  for  bottom  mines  and  forward  look  sonar  and  volume  search 
sonar  for  tethered  mines.  The  addition  of  gap  filler  sonar  increases  the  area  coverage  rate 
over  the  AN/AQS-14.  Computer  Aided  Detection  (CAD)/  Computer  Aided  Classification 
(CAC)  assist  the  onboard  operators.  An  existing  onboard  navigation  system  will  be 
integrated  for  precise  location  of  sonar  contacts.  A  real-time  data  link  will  transmit  and 
receive  data  between  the  helicopter  and  a  remote  command  control  center. 


FUTURE  MINEHUNTING  TECHNOLOGIES 

There  are  several  acoustic,  magnetic  and  electro-optic  technologies  being 
advanced  at  CSS.  Two  of  interest  are  the  Synthetic  Aperture  Sonar  and  Laser  Line  Scan 
Sensor  technology 

An  acoustic  system  which  shows  promise  is  the  high-frequency/low-frequency 
synthetic  aperture  sonar  is  being  developed  to  detect,  classify,  and  identify  mine-like 
targets  in  shallow  water  and  very  shallow  water  regimes.  The  low  frequency  SAS  is 
expected  to  be  able  to  detect  and  classify  volume,  proud,  and  buried  mines  with  its  3”  x  3” 
resolution.  The  high  frequency  SAS  with  its  1”  x  1”  resolution  is  expected  to  have  an 
identification  capability  approaching  that  of  some  optical  systems.  The  high- 
frequency/low-frequency  SAS  was  designed  to  be  small,  light  weight,  for  use  on 
unmanned  underwater  vehicles  (UUV). 

The  side  scan  Synthetic  Aperture  Sonar  concept  exploits  vehicle  motion  to 
produce  a  long  virtual  line  array  in  space.  A  small  single  transducer  transmitting  at  a 
certain  rate  along  track  will  build  a  coherent  history  of  past  reflections  in  a  digital 
memory.  When  a  sufficient  number  of  samples  have  been  recorded  at  each  range  cell,  they 
can  be  coherently  combined  to  produce  a  synthetic  aperture  beam  perpendicular  to  the 
direction  of  travel.  The  beamforming  process  is  very  similar  to  that  required  for  a 
conventional  multistave  line  array.  Early  proof  of  concept  demonstrations  of  synthetic 
aperture  sonars  were  conducted  in  December  of  1992  and  in  September  1995  at  the 
Mobile  Underwater  Survey  System  Feasibility  Demonstration. 

Current  underwater  imaging  systems,  consisting  of  a  video  camera  and  floodlights, 
are  generally  limited  to  ranges  of  several  meters  in  coastal  water.  Imaging  systems  used 
today,  for  example  the  MNS,  rely  on  an  operator  in  the  loop  to  correctly  identify  mines 
which  excludes  their  use  on  fully  autonomous  vehicles. 
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Primary  limitations  in  the  range  and  resolution  of  underwater  imaging  sensors  are 
scattering  and  attenuation.  Scattering  leads  to  loss  of  image  resolution  and  contrast  and 
attenuation  reduces  the  signal  strength  at  the  receiver. 

A  Laser  Visual  Identification  Sensor  approach  (LVIS)  being  advanced  at  CSS  is 
the  laser  line  scan  (LLS).  The  LLS  system  employs  a  CAW  blue/green  argon  ion  laser. 

A  rotating,  four-faceted  mirror  and  output  optics  assembly  scans  the  laser  beam  over  a  70- 
degree  section  of  the  sea  bottom  while  a  synchronously  rotating  four-faceted  mirror  and 
input  optics  assembly  focused  the  reflected  light  onto  a  photomultiplier  tube  receiver. 
Simultaneously,  the  scanned  lines  are  processed  as  acquired  and  presented  in  a  gray-scale 
waterfall  display  on  the  operator  console. 
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ABSTRACT 

In  order  to  be  effective,  mine  countermeasure  (MCM) 
operations  using  remotely  operated  vehicles  (ROVs) 
require  highly  trained  and  experienced  pilots.  Due  to  the 
expense  and  logistics  involved  with  operating  actual 
systems  such  as  the  Mine  Neutralization  System  (MNS) 
and  other  ROVs  of  opportunity,  training  and  practice  is 
often  difficult  to  obtain  in  other  than  an  ^^on  the  job’’ 
fashion.  Under  the  Department  of  Defense  Focused 
Research  Initiative  “Training  for  Remote  Sensing  and 
Manipulation  (TRANSoM)”,  an  ROV  pilot  training  and 
mission  rehearsal  system  is  being  developed 
incorporating  Intelligent  Tutoring  System  (ITS) 
techniques  within  a  Virtual  Environment  (VE). 

Mission  analysis  yielded  a  set  of  general  skills  to  be 
taught  including  maneuvering,  situational  awareness, 
sensor  data  integration,  and  mission  operations.  Unlike 
the  current  MNS  trainer  developed  by  NCSS  Panama 
City,  the  TRANSoM  system  addresses  general  skills 
required  for  ROV  piloting,  rather  than  the  speeific 
procedures  required  for  the  MNS.  Use  of  VE  technology 
permits  simulation  of  a  wide  range  of  environments, 
vehicle  configurations,  learning  aids  and  mission 
scenarios. 

The  prototype  training  system  is  a  VE-based  Intelligent 
Tutor  which  implements  various  training  aids  and 
interventions  to  promote  the  development  of  both  the 
sensorimotor  and  cognitive  skills  related  to  basic 
maneuvering  tasks  and  situational  awareness.  Scenarios 
related  to  MCM  tasks  are  being  incorporated  in  the 
overall  training  curriculum.  Once  implemented,  the 
training  effectiveness  will  be  evaluated  by  analyzing  pilot 
performance  on  an  actual  ROV  under  various  control 
conditions. 

OVERVIEW 
Navy  Needs 

The  Navy  is  currently  using  or  investigating  the  use  of 
ROVs  in  a  wide  variety  of  applications  including  search  and 
salvage,  hull  husbandry  and  mine  countermeasures  (MCM). 
An  area  of  particular  concern  is  that  of  shallow  water  MCM. 
Events  over  the  past  decade,  particularly  those  in  the  Persian 


Gulf,  have  highlighted  the  need  for  effective  shallow  water 
MCM  techniques:  the  ability  to  locate,  identify,  and 
neutralize  mines  in  30-1000  feet  of  water.  In  this  highly 
challenging  environment,  detection  ranges  of  conventional 
sensor  systems  are  severely  compromised.  ROVs  are  capable 
of  bringing  to  bear  capable,  albeit  short-range,  sensor 
systems  for  detection  and  classification.  In  addition,  these 
systems  also  provide  a  ready  platform  for  tagging  or 
neutralization  devices.  To  increase  area  coverage,  multiple 
vehicle  systems  are  being  considered,  presenting  a  complex 
and  challenging  task  for  the  operators.  For  effective 
utilization  of  these  systems,  tools  are  required  to  both  train 
operators  and  provide  for  mission  rehearsal  and  planning. 
The  TRANSoM  system  provides  a  variety  of  these  tools  in  a 
system  designed  for  ready  use  in  dynamic  applications. 

The  Program 

Imetrix,  Inc.  is  the  prime  contractor  for  the  5-year 
Department  of  Defense  Focused  Research  Initiative  program 
"Training  for  Remote  Sensing  and  Manipulation 
(TRANSoM)".  This  program  will  design,  develop,  and 
evaluate  a  prototype  remote  platform  pilot  training  and 
mission  rehearsal  system  incorporating  Intelligent  Tutoring 
System  (ITS)  techniques  within  a  Virtual  Environment  (VE). 
Efforts  are  concentrated  in  five  main  areas,  all  of  which  are 
critical  to  the  overall  development  of  the  training  system: 
task  analysis,  virtual  environment  and  human-machine 
interace  development,  intelligent  tutoring  system 
development,  training  and  system  verification,  and 
technology  development  and  transition.  This  system  will  be 
demonstrated  for  the  operation  of  remotely  operated  vehicles 
(ROVs)  in  a  shallow  water  mine  countermeasures  (MCM) 
mission.  The  variety  of  skills  required  for  successful  ROV 
operation,  including  both  sensorimotor  and  cognitive  tasks, 
provides  a  unique  opportunity  for  combining  the  strengths  of 
ITS  and  VE  techniques  and  technologies. 

TRAINING  APPROACHES 

During  the  Task  Analysis,  current  vehicle  systems  and 
training  techniques  for  mine  countermeasures  were 
examined  in  addition  to  determination  of  the  overall  mission 
requirements  and  training  needs  for  general  ROV  piloting. 
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Current  Mine  Neutralization  System  (MNS)  Training 

A  critical  part  of  the  task  analysis  was  the  participation  in 
a  3  day  MNS  Training  Course,  conducted  at  the  Naval 
Coastal  Systems  Station  in  Panama  City,  FL,  coordinated 
through  Ms.  Patty  Mausert,  and  taught  by  Chief  Bob 
Cashman,  USN.  The  training  involved  use  of  the  MNS 
simulator,  part  of  the  Combat  Systems  Integrated  Training 
Equipment  (CSITE),  which  includes  other  MNS  related 
stations  including  the  shipboard  sonar  and  navigation 
stations.  The  MNS  station  includes  positions  for  two 
operators:  the  vehicle  pilot  and  the  sonar  operator. 

While  an  effective  tool  for  training  MNS-specific 
characteristics  and  procedures,  the  CSITE  system  suffers 
from  attributes  typical  to  embedded  trainers  and  simulators: 
it  uses  actual  ships  systems,  requires  a  human  instructor,  and 
is  not  readily  configurable  to  alternate  mission  or  vehicle 
scenarios.  The  need  for  using  the  actual  shipboard 
components  severely  limits  the  access  available  to  trainees, 
as  well  as  adding  to  the  maintenance  requirements  of  the 
systems.  Since  a  human  instructor  is  required  for 
performance  feedback,  independent  use  of  the  system  is 
limited  further.  Finally,  the  system  is  “hard-wired”  for  the 
MNS  system  and  mission,  limiting  its  expansion  to  other 
potential  missions  or  environments. 

Overall,  the  CSITE  training  provided  important 
information  about  both  general  ROV  piloting  operations  and 
features  specific  to  the  MCM  mission.  Through  this 
experience,  the  team  gained  information  on:  a) 

environmental  constraints  and  demands  on  performance,  b) 
Navy  requirements  on  skills  and  performance  levels,  c) 
techniques  and  methods  used  by  an  experienced  Naval  MNS 
instructor,  and  d)  data  on  trainee  performance  and 
evaluation.  While  the  MNS  simulator  is  specific  to  the  both 
the  hardware  and  mission  procedures,  it  did  provide  valuable 
insights  on  both  the  overall  training  and  MCM  specific 
tasks.  Use  of  the  TRANSoM  system  could  supplement  this 
trainer  by  providing  off-line  practice  of  more  generalized 
skills  without  tying  up  ships’  systems  or  human  instructors. 

TRANSoM  Training  Approach 

Rather  than  train  a  specific  system  and  set  of  procedures, 
the  TRANSoM  system  looks  to  train  the  general  skills 
required  by  an  ROV  pilot  in  a  generic,  transferable  fashion. 
These  skills  have  both  sensorimotor  and  cognitive  attributes 
which  must  be  addressed  in  the  system.  The  most  critical 
skills  identified  are  in  the  following  areas: 

Maneuvering  is  the  ability  to  drive  the  vehicle  to  a  desired 
location  and  orientation.  In  order  to  maneuver  the  vehicle 
effectively,  the  operator  must  incorporate  an  understanding 
of  the  vehicle  configuration,  momentum,  drag,  effects  of  the 
controls,  as  well  as  basic  hand-eye  coordination. 


Situation  Awareness  is  the  overall  knowledge  of  what  the 
status  of  the  vehicle  is,  the  location  of  the  vehicle  and  tether 
within  the  environment,  and  the  status  of  the  mission 
progression.  With  a  tethered  system,  understanding  and 
having  a  mental  model  of  where  you’ve  been,  where  you  are 
and  where  you’re  going  is  the  most  vital  skill  for  successful 
operation. 

Sensor  Integration  is  the  ability  to  interpret  the  available 
sensor  information  and  to  piece  together  the  whole  picture. 
While  many  different  sensors  are  used  in  conjunction  with 
ROV  missions,  instruction  and  practice  is  required  in  order 
to  effectively  use  the  available  information.  Sensor  related 
skills  range  from  the  intuitive  use  of  video  to  the  more 
cognitive  skills  of  interpreting  sonar  and  navigation  data. 

Mission  Operations  skills  include  the  knowledge  of  the 
variety  of  systems  often  used  in  conjunction  with  ROV 
operations.  Key  to  the  success  of  any  mission  are  the  abilities 
to  plan  trajectories,  manage  multiple  tasks,  communicate 
with  other  operators,  and  develop  effective  team 
coordination. 

TRANSoM  SYSTEM  DESCRIPTION 

The  TRANSoM  system  is  intended  as  a  generic, 
configurable  trainer  for  a  variety  of  ROV  configurations  and 
mission  scenarios.  It  consists  of  three  main  parts  as  shown 
in  Fig.  1:  the  ROV  system  including  the  on-board  sensors 
and  controls,  the  Intelligent  Tutoring  System  (ITS),  and  the 
Virtual  Environment  (VE)  implementation. 

ROV  System 

There  are  many  common  ROV  system  components  used 
across  the  range  of  missions  examined.  The  most  common 
have  similar  control  configurations  (i.e.:  joystick  driven, 
switch  activation  of  sensors)  and  general  operational 
characteristics.  Sensor  suites  vary  from  mission  to  mission, 
but  video  is  universal  with  both  tracking  and  sonar  systems 
widely  used.  This  general  commonality  of  system 
components,  combined  with  the  versatility  of  the  VE 
technologies  and  techniques,  makes  it  possible  to  devise  a 
training  system  that  can  be  used  for  a  wide  range  of  system 
configurations.  For  the  TRANSoM  system,  a 
representative  physical  ROV  system  has  been  built  and 
modeled  for  use  in  system  verification  and  training  transfer 
tests  (fig.  2). 

Vehicle  modeling  includes  both  a  realistic  graphical 
depiction  of  the  vehicle  and  a  complete  dynamic  simulation. 
Both  the  dynamics  of  the  vehicle  and  the  tether  are 
incorporated,  so  as  to  closely  approximate  the  actual 
behavior  of  the  system.  Use  of  the  VE  allows  a  full  range  of 
vehicles  to  be  simulated,  not  tying  the  training  system  to  any 
single  ROV. 
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Fig.  1;  Training  System  Components 
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Fig.  2:  Physical  and  Simulated  ROV  Model 
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Sensor  modeling  includes  the  simulation  of  sensor  displays 
and  their  controls.  As  with  the  vehicle,  a  wide  variety  of 
sensors  can  be  modeled  and  presented  in  simulation.  The 
current  training  system  includes  a  basic  tracking  display  and 
vehicle  video.  The  video  simulates  many  characteristics 
found  in  actual  systems  including  tilt,  zoom,  lighting,  and 
the  effects  of  poor  water  visibility.  Future  sensor  additions 
will  include  a  basic  scanning  sonar  model  to  permit  the 
training  of  multi-sensor  systems. 

Displays:  The  VE  not  only  provides  the  models  for  the 
training  environment,  it  also  provides  the  means  to  display 
those  models  to  the  user.  Currently,  the  training  system 
described  uses  a  flat  panel  display  simulating  typical  vehicle 
sensor  displays  with  the  addition  of  VE  models  to  serve  as 
training  aids.  Figure  3  shows  a  general  screen  layout  of  the 


display  components.  Alternate  techniques  including  head 
mounted  displays,  see-through  head  mounted  displays,  and 
wide  screen  displays  are  being  investigated  for  use  in  the 
system  as  instructional  aids  to  promote  skill  learning. 

Virtual  Environment  (VE) 

The  VE  techniques  and  technologies  provide  the  medium 
for  operation  of  the  training  system.  Its  flexibility  allows  for 
both  the  simulation  of  actual  system  components  and  the 
addition  of  aids  not  otherwise  available.  It  provides  the 
models  to  create  the  simulated  world  and  also  provides  the 
medium  for  the  implementation  of  the  training  system, 
providing  the  cues  and  guidance  required  by  the  student.  It 
also  provides  the  overall  human  /  machine  interface,  the 
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displays  and  the  means  for  the  user  to  see  and  interact  with 
both  the  simulated  world  and  the  training  system. 

Models:  A  number  of  models  must  be  built  to  create  a 
realistic  training  scenario.  These  include  the  environment, 
the  vehicle,  the  sensors,  and  the  specific  training  aids 
required.  A  wide  variety  of  desired  operating  environments 
can  be  created,  ranging  from  a  simple  training  configuration 
to  a  complex  mission  rehearsal  scenario.  Existing  models 
and  data  files  such  as  AutoCAD  models  can  be  used  to  build 
realistic  representations  of  actual  operational  areas. 

Training  Aids  and  Interventions  use  some  unique 
capabilities  of  the  VE  to  implement  the  training 
interventions  described  below.  The  ability  to  show  varying 
viewpoints  of  the  ROV’s  position  within  the  environment  is 
a  powerful  tool  for  guiding  the  student  in  proper  operation. 
The  VE  itself  can  be  used  as  an  aid;  for  example,  additional 
models  may  be  created  to  serve  as  examples,  displays  may  be 
highlighted,  messages  posted,  verbal  instructions  given,  all 
within  the  training  scenario. 

Additional  Modalities:  In  addition  to  the  traditional  visual 
displays,  VE  technology  offers  additional  modalities  with  the 
capability  of  providing  a  fully  immersive  environment.  In 


this  system,  both  auditory  and  tactile  modalities  are  being 
investigated  for  their  effectiveness  in  training  and 
performance.  Verbal  coaching  is  used,  permitting  the 
trainee  to  receive  instruction  without  causing  distraction 
from  the  existing  visual  displays.  Use  of  spatialized  audio 
cues  indicating  the  direction  of  thrust  is  being  investigated  as 
an  aid  to  understanding  the  system  response  to  input 
commands.  Experiments  are  exploring  the  use  of  haptic 
(force  feedback)  cues  for  learning  system  response  and 
position. 

Intelligent  Tutoring  System  (ITS) 

There  are  three  main  components  to  the  design  of  the 
training  system:  developing  the  curriculum  of  what  is  to  be 
taught,  determining  how  it  will  be  taught,  and  developing 
the  tools  to  aid  in  the  teaching  process.  The  training 
element  is  a  form  of  computer  aided  instruction  known  as  an 
Intelligent  Tutoring  System  (ITS).  This  system  uses  a 
variety  of  training  aids  and  interventions  to  coach  the 
student  and  guide  his  progress.  Figure  4  shows  the  basic 
system  configuration. 
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Curriculum:  Based  on  the  Task  Analysis,  a  series  of 
curriculums  are  being  developed  to  teach  the  essential 
piloting  skill.  These  provide  guided  trials  through  a  defined 
series  of  skills,  until  the  operator  is  deemed  proficient.  The 
curriculum,  used  with  the  ITS,  permits  the  difficulty  level 
presented  to  be  adjusted  for  the  competence  level  of  the 
student.  The  ITS  is  built  on  a  knowledge  of  expert 
performance,  against  which  the  trainee  is  judged.  A  variety 
of  performance  meausres  are  used  to  quantify  the  trainee’s 
progress,  and  to  adjust  the  curriculum  accordingly. 

Training  Scenarios:  A  typical  training  session  will  entail  the 
trainee  sitting  at  the  console  and  operating  the  vehicle 
simulation  in  the  VE.  Fig.  3  shows  the  typical  screen 
configuration  used  by  the  student,  incorporating  the 
simulated  sensor  displays,  vehicle  controls,  and  VE  training 
aids.  The  operational  sequence  followed  by  the  trainee 
would  proceed  as  follows: 

1.  Introduction  is  where  the  task  is  named  and  explained, 
using  visual  aids  and  sample  displays  as  necessary.  For 
example:  ‘Transit  from  point  A  to  point  B” 

2.  Demonstrations  are  pre-programmed  task  segments 
shown  to  the  trainee,  using  the  simulation  capabilities  of 
the  VE.  Pertinent  skills  and  performance  parameters  are 
highlighted  by  the  Tutor,  alerting  the  trainee  to  the 
focus  of  the  exercise. 

3.  Practice  allows  the  student  to  perform  the  task,  with 
interventions  by  the  Tutor  as  required.  As  the  student 
gains  proficiency,  these  aids  are  faded  out,  permitting 
the  student  to  operate  independently.  For  example  the 
3D  view  is  an  artificial  aid  to  operation  which  is  faded 
out  as  the  trainee  becomes  proficient  in  using  the 
standard  ROV  displays. 

4.  Playback  and  Critique  allows  all  or  part  of  the  session 
to  be  replayed,  with  accompanying  notation  as  to  errors 
made.  During  the  playback,  the  student  may  re-enter 
the  simulation,  in  an  effort  to  correct  individual 
mistakes  at  the  time  that  they  were  made. 

5.  Repetition  of  the  Practice  and  Playback  steps  are 
performed  until  the  student  demonstrates  the  desired 
level  of  performance.  At  that  time,  the  task  may  be 
modified  to  make  it  more  difficult  or  to  include 
additional  tasks. 

Aids  and  Interventions:  Chosen  from  traditional  classroom 
techniques,  computer  aided  training  and  from  VE-unique 
capabilities,  a  variety  of  training  aids  and  interventions  are 
being  incorporated  in  the  training  system.  These  include  the 
following: 

1.  Demonstrations  are  programmed  mission  segments 
which  illustrate  particular  skills  to  be  learned.  The 
system  offers  a  variety  of  ways  to  demonstrate  to  the 
trainee  the  desired  behavior.  For  example,  flying  the 


ROV  model  along  a  planned  path  and  indicating  proper 
control  inputs  is  a  way  of  demonstrating  use  of  the 
joystick. 

2.  Visualization  Aids  are  visual  cues  that  are  provided  to 
draw  attention  to  particular  items  and  to  provide 
additional  information  to  the  operator.  The  3-D  VE 
views  offer  a  unique  ability  to  provide  the  operator  with 
a  variety  of  viewpoints  including  a  bird’s-eye  view, 
over-the-shoulder,  and  side-on  views.  Other  aids 
include  marking  of  the  actual  and  desired  path, 
enhanced  visibility,  and  added  environmental  cues,  such 
as  current  flow  indicators. 

3.  Feedback  is  a  key  part  of  any  instructional  system, 

providing  information  to  the  trainee  as  to  the  progress 
being  made  in  learning  the  desired  skills.  This  can  be 
provided  by  verbal  coaching  and  queiying,  verbal  or 
visual  warnings,  and  providing  an  on-going 

performance  metric  to  the  operator.  Other  types  of 
feedback  being  investigated  include  self  status  aural 
indications  such  as  the  sound  of  thrusters  or  collisions. 

4.  Replay  of  a  session  or  sequence  permits  the  trainee  to 
observe  his  actions.  The  computer  based  system  not 
only  allows  a  training  scenario  to  be  replayed,  but  also 
restarted  at  critical  points  for  training  of  proper 
operation.  Replaying  the  session  also  provides  an 
opportunity  to  present  additional  information  relating  to 
the  performance  of  specific  tasks. 

Training  and  System  Verification 

The  true  test  of  any  system  is  how  it  works  in  the  real- 
world  under  actual  operating  conditions.  For  this  system,  a 
variety  of  tests  are  planned  ranging  from  verification  of  the 
simulation  performance  to  measuring  the  effectiveness  of  the 
training  system. 

System  Verification:  The  first  step  in  testing  is  the 
verification  of  the  simulator  relative  to  an  actual  ROV 
system.  For  this  purpose,  the  Imetrix  TALON  ROVwill  be 
used.  Characteristics  of  this  vehicle  have  been  incorporated 
in  the  simulation,  and  the  simulated  behavior  will  be 
compared  with  actual  vehicle  dynamic  behavior  under  a 
series  of  controlled  operations. 

Formative  Evaluations:  As  various  training  interventions 
are  implemented,  they  are  continuously  being  evaluated 
through  a  series  of  small  scale  tests.  Formative  evaluations 
use  small  groups  of  test  subjects  to  study  the  effect  of  certain 
training  interventions.  Examples  to  date  have  included  the 
design  and  use  of  the  varying  3-D  viewpoints  and  the 
analysis  of  verbal  coaching  strategies. 

Training  Transfer:  In  order  to  verify  the  effectiveness  of  the 
training  system,  continuing  experiments  are  planned  to 
determine  how  the  skills  taught  in  simulation  transfer  to  the 
operation  of  an  ROV  under  actual  operating  conditions. 
This  will  be  done  with  the  Imetrix  TALON.  Trainees  will  be 
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given  the  opportunity  to  demonstrate  their  proficiency  on 
both  real  and  simulated  operations  to  test  the  effectiveness  of 
the  training.  Their  performance  will  be  compared  to  various 
control  groups  including  both  expert  and  novice  ROV  pilots. 


MCM  APPLICATIONS 

The  TRANSoM  system  also  provides  critical  capabilities 
for  remote  operations  beyond  the  initial  ROV  and  MCM 
training  functions. 

Near-term  MCM  Systems 

In  recent  years,  the  Navy  has  funded  the  COOP  (Craft  of 
Opportunity)  and  MMUROV  (Multi-Mission  Remotely 
Operated  Vehicle)  programs,  utilizing  the  smaller  (200-400 
lb),  less  expensive  ($150,000  to  $300,000)  vehicles  which 
are  now  commercially  available.  This  type  of  system  is 
intended  to  be  deployed  on  a  widespread  basis,  using  both 
vessels  and  crews  of  opportunity  (Reserves,  Merchant 
Marines,  etc.).  To  be  used  effectively,  this  requires  training 
techniques  that  are  equally  flexible  and  widespread.  The 
TRANSoM  system  addresses  these  needs  on  several  fronts: 
it  is  configurable  for  a  variety  of  vehicles  and  mission 
scenarios,  it  trains  a  full  range  of  skills  from  basic 
maneuvering  through  complex  mission  procedures,  it  does 
not  require  dedicated  equipment  or  instructors,  and  it  is 
based  on  a  stand-alone  low-end  computational  platform. 

Mission  Planning 

The  simulation  capabilities  inherent  in  the  TRANSoM 
system  provide  a  strong  basis  for  mission  planning  and 
rehearsal.  Use  of  the  VE-based  system  allows  development 
of  a  wide  variety  of  scenarios  for  determination  of  system 
deployment  techniques,  optimal  path  planning,  and  overall 
mission  rehearsal.  In  this  way,  various  approaches  may  be 
tried  without  risk  to  personnel  or  high  value  assets.  In 
addition  to  the  MCM  applications  discussed  here,  systems 
such  as  the  Advanced  Hull  Maintenance  Vehicle  under 
development  by  the  Naval  Surface  Warfare  Center  also  have 
need  of  these  capabilities. 

Multi-vehicle  Systems 

Many  of  the  future  MCM  applications  envision  use  of 
multiple  vehicle  systems  working  in  concert.  The  command 
and  control  strategies  for  such  multi-vehicle  systems  are 
currently  in  very  early,  conceptual  stages.  The  TRANSoM 
system  provides  an  easily  configurable  operational  test-bed 
for  developing  and  evaluating  control  schemes  and  strategies 


without  the  need  to  field  expensive  developmental  hardware. 
Once  such  systems  are  fielded,  the  TRANSoM  system  will 
provide  an  integrated  means  of  operation  and  control. 

Autonomous  Systems 

Many  of  the  multi-vehicle  systems  envisioned  will  exhibit 
varying  degrees  of  autonomy  from  direct  human  control.  In 
addition  to  the  mission  planning  and  control  capabilities 
described  above,  the  TRANSoM  system  can  also  provide  a 
means  of  visualization  during  actual  operations.  By 
integrating  what  sensor  data  is  available  with  the  planned 
mission  scenario,  TRANSoM  can  provide  the  operations 
personnel  with  an  overall  view  of  the  mission  progression. 


SUMMARY 

A  training  system  is  currently  being  developed  for  the 
training  of  ROV  pilots  incorporating  virtual  environment 
technologies.  Use  of  the  VE  permits  great  flexibility  in 
terms  of  the  mission  scenarios,  vehicle  configurations,  and 
training  aids.  The  technologies  and  systems  developed 
within  this  program  will  be  transitioned  into  other  military 
and  commercial  arenas  such  as  surveillance,  hull  inspection, 
structure  inspection,  and  telepresence  training  systems. 
Further  information  may  be  found  on  the  Web  at: 

http://man-ray.mit.edu/wwwA^etrec/TRANSoM/project.html 
and  http://www.imetrix.com 
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Clandestine  Reconnaissance  in  Very  Shallow  Water  with  a 
Mine  Reconnaissance  Underwater  Vehicle 

CAPT  Dan  Hendrickson,  USN  (Ret) 


The  Mine  Reconnaissance  Underwater  Vehicle  (MRUV)  Project  was  initiated  in  response  to  an  Oct.  92 
reouest  front  Commander  Naval  Special  Warfare  Command  for  a  small,  low  cost  reconnaissance  UUV 
which  can  be  remotely  operated  from  SEAL  Delivery  Vehicles  (SDV)  and  small  craft. 

The  remotely  operateded  MRUV  would  have  sufficient  endurance  to  survey  a  500  yard  wide  x  2,000 
yard  long  amphibious  assault  lane  in  less  than  2  hours.  It  would  be  equipped  with  depth,  attitude,  sonar 
and  optical  sensors  to  conduct  a  hydrographic  and  mine  reconnaissance  in  the  10  to  40  foot  deep  Very 
Shallow  Water  (VSW)  environment.  Information  collected  by  the  MRUV  would  allow  safer  and  more 
efficient  utilization  of  SEAL/EOD  divers  In  follow-on  reconnaissance  and  clearance  operations. 

Phase  I  demonstrated  enabling  technologies  in  vehicle  control,  sonar  and  lidar  sensors  and  is 
completing  a  concept  design  for  modifying  the  EMATT  into  a  small,  low  cost,  clandestine  MRUV.  The 
Phase  I  effort  was  jointly  funded  by  the  Director  of  Expeditionaiy  Warfare  (N85)  ($  245  K  in  FY  93)  and 
the  EOD/LIC  Program  Cjffice  ($  850  K  in  FY  94/95).  ThermoTrex  is  the  Phase  1  prim  contractor  with 
Slpplcan  and  Sonatech  as  principle  subcontractors  for  the  vehicle  and  sonar  subsystems. 

The  proposed  5  Inch  diameter  x  60  inch  long  MRUV  has  a  dry  weight  of  -38  lbs.  It  is  smaller,  lower 
cost  but  has  less  endurance  than  larger  submarine  launched  UUVs  such  as  the  Near  Term  Mine 
Reconnaissance  System  (NTMRS).  However,  its  ability  to  operate  in  8  ft.  water  depths  would  allow  it 
to  augment  the  NTMRS  reconnaissance  capability  which  Is  limited  to  water  depths  no  shallower  than 
20  to  25  feet. 

The  MRUV  is  derived  from  the  MK  39  Expendible  Mobile  ASW  Training  Target  (EMATT),  a  36  inch  long 
X  5  inch  diameter,  air,  surface  or  submarine  delivered  vehicle  which  can  run  at  8  knots  for  three  hours. 
The  EMATT  has  been  in  production  for  4  years  at  1,500+  units  per  year  and  a  unit  cost  of  about  $  7  K. 

A  MRUV  system  design  objective  is  to  meet  reconnaissance  mission  requirements  while  maximizing 
the  use  of  EMATT  subsystems  to  reduce  development  and  production  costs.  To  accomplish  this  the 
MRUV  uses  EMATT  guidance,  control,  propulsion  and  hull  subsystems.  A  44  inch  long  nose  and 
midbody  containing  an  8  lb.  sonar  soundhead,  5  lb.  range-gated  lidar,  the  EMATT  G&C  electronics,  3 
lb.  of  sensor  signal  conditioning,  recording  and  communication  electronics,  8  lb.  of  rechargeable  Li-Ion 
batteries  and  a  5  nautical  mile  fiberoptic  cable  are  added  to  a  16"  long  EMATT  motor  and  tail  sections. 

The  MRUV  control  console  uses  a  sonar  processor  and  display  identical  to  that  employed  for  the  MK  8 
SDV  Obstacle  Avoidance  Sonar. 

The  MRUV  is  launched  at  a  40  foot  depth  and  proceeds  to  the  beach  on  a  programmed  course.  During 
this  initial  part  of  the  reconnaissance  mission,  water  depth,  wave  height,  bottom  roughness,  density  of 
mine-like  sonar  targets  and  visibility  are  measured  and  transmitted  to  a  control  console  on  a  SDV  over 
a  fiberoptic  data  link. 

The  remote  operator  analyzes  data  on  the  MRUV  console  and  turns  the  vehicle  parallel  to  the  beach  at 
the  10  foot  curve.  Lane  spacing  is  optimized  based  upon  sonar  target  density,  bottom  roughness, 
sonar  target  density  and  water  column  depth  measured  during  the  transit  from  the  launch  point  to  10 
foot  depth.  When  operating  over  a  smooth  sand  bottom,  sonar  detection  range  is  about  100  yards 
allowing  a  lane  spacing  of  80  yards  to  be  used  to  achieve  100%  sonar  overlap  between  lanes.  The 
operator  controls  the  MRUV  to  approach  mine-like  sonar  targets  and  classify  them  with  a  range-gated 
Ildar. 

The  MRUV  Phase  I  effort  has  demonstrated  that  a  small  vehicle  can  effectively  control  itself  and  serve 
as  a  platform  for  small,  low  cost  sonar  and  lidar  mine  detection  and  classification  sensors  •  reducing 
development  risk  for  an  MRUV  prototype. 
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Presented  by: 

ThermoTrex  Corporation  -  San  Diego,  CA 
Sippican  Inc.  -  Marion,  MA 
SonaTech  -  Santa  Barbara,  CA 
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assault  lanes  while  SDV  searches  the  deeper  areas  (>  25"  depth) 
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MRUV  ASSAULT  LANE  RECONNAISSANCE 


Range  gated  lidar  used  tor  identification  of  sonar  targets  at 
ranges  of  ~  1 0  yards. 


JV  -  TARGET  ENCOUNTER 
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(3)  Uplink  SONAR/LIDAR  data  over  fiberoptic  cable 

(4)  Process,  Display  &  Record  SONAR  and  LIDAR  images  on  SDV 


ADVANTAGES  OF  MRUV  APPROACH 
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MINE  RECONNAISSANCE  UNDERWATER  VEHICLE 
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35  lb.  displacement  •  Range:  6  nautical  miles 

Payload  22  lb.  •  Battery  =  5.5  lb.  rechargable 

4  7/8  in.  diameter 
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MRUV  TECHNOLOGY  ROADMAP 
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1.  VEHICLE  CONTROL 

2.  SONAR 

3.  LIDAR 

4.  CONCEPT  DESIGN  ANALYSIS 


MRUV  VEHICLE  STABILITY  AND  CONTROL  GOALS  .fS 
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OFFICE  OF  SPECIAL  MRUV  AFTER  SUCCESSFUL  TEST  RUN 
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MRUV  CONTROL  IN  VERY  SHALLOW  WATER 
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Turn  Rate  5°/second  8°/second 
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SIMULATED  PERFORMANCE  OF  MiNEHUNTING  AND 
OBSTACLE  AVOIDANCE  SONAR 


95-19484 


MRUV  NOSE  WITH  3-AXIS  MAGNETOMETER,  MINEHUNTING  SONAR 

AND  LIDAR  RECEIVER  INSTALLED 
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MOAS  PROJECTOR  GRP  REINFORCED  eOGITGAL  GRP  REINFORCED 

VERTICALLY  STEERED  POLYCARBONATE  ooiiomi.  POLYCARBONATE 


HORIZONTAL  RANGE 


MO  AS  PERFORMANCE  GRAVEL  BOTTOM 
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HORIZONTAL  RANGE 


PHASE  I  SONAR  RESULTS 
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Soundhead  Power  -  <  70  watts 


PROGRAM  PLAN  PHASE  II 
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MOAS  CONFIGURATION  PHASE  II 
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AHENUATION  COEFFICIENT  vs.  WAVELENGTH 
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OFFICE  OF  SPECIAL  SINGLE  PULSE  FLUENCE  PROVIDES  SUFFICIENT  RETURN”'Xp!^«; 
TECHNOLOGY  TO  DETECT  SMALL  FEATURES  ON  A  TARGET  AT  ~  10  m  SonaTech 
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Small  features  (~  1.5  inch)  on  targets  within  ~  10  m  should  be  detectable 
in  0.25  m-i  mean  coastal  water 


LIDAR  SUBSYSTEM  RECOMMENDATIONS 
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Other  Use  of  this  technology: 

-  Range-gated  Gen  III  MCP  and  EBCCD  using  different  doping  on  photocathode 
canbe  operated  at  a  1 560  nm  eye  safe  wavelength  for  use  in  a  wide  variety  of 
terrestrial  operations 
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MRUV  CONCEPT  DESIGN 
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MRUV  CONCEPT  DESIGN 


MRUV  TECHNOLOGY  ROADMAP 
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1.  VEHICLE  CONTROL 

2.  SONAR 

3.  LIDAR 

4.  CONCEPT  DESIGN  ANALYSIS 
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Abstract — Compact  superconducting  magnets,  capable  of 
operating  with  high  current  densities  in  a  persistent  mode, 
provide  a  possibility  to  create  organic,  high  speed,  very 
effective  and  explosion  stable  Mine  Countermeasures 
(MCM).  The  first  MCM  devices  with  superconducting 
magnets  (SM)  were  developed  in  USSR  during  the  period 
between  1976-1988.  A  joint  team  with  contributors  from  the 
USSR  Academy  of  Sciences,  Industry  and  Navy  executed  the 
program.  Self-propelled,  towed  by  helicopter  and  mounted 
on  armored  troop  carrier  MSM  with  SM  were  created  and 
successfully  tested  on  the  Black  Sea  Fleet,  Baltic  Sea  Fleet  an 
Land  Army  fire  grounds. 

I.  Introduction 

In  1974  during  mine-sweeping  operations  in  the  Middle 
East  the  US  Navy  demonstrated  the  first  airborne  MCM  in 
history:  MK-105  hydrofoil  sled  towed  by  helicopter.  In 
comparison  with  existing  at  the  seventieth  low-speed  sea¬ 
borne  cumbersome  magnetic  sweeps  it  was  challenge. 

The  new  high  speed  MCM  was  much  more  effective  and 
safe  for  the  screws,  than  towing  by  ship  long  cables-tails, 
or  huge  electromagnets. 

The  International  MCM  community  operating  on  the  Red 
Sea  and  in  the  Canal  of  Suez  at  that  time,  including  the 
USSR  team,  was  very  impressed.  It  happened  during  the 
Cold  War,  when  the  Arms  Race  was  taking  place.  The 
impact  of  MK-105  on  mine- sweeping  was  discussed  at  the 
USSR  Navy  Head  Quarters,  and  it  was  decided  to  attract 
the  USSR  Academy  of  Sciences  for  creating  modem 
MCMs,  based  on  the  latest  achievements  of  Sciences  and 
Engineering.  In  the  middle  of  July  1976  three  stars 
Admiral-Engineer  P.  Kotov,  Deputy  of  USSR  Navy 
Commander-in-Chief,  visited  famous  P,  N.  Lebedev 
Physical  Institute,  where  included  in  the  members  of  staff 
were  five  Nobel  Prize  Laureates.  The  Admiral  was 
familiarized  with  R  &  D  of  superconducting  magnets  at 
the  Prof  B.  Vul  Laboratory.  After  short  discussion,  a 
preliminary  decision  was  made  to  design  and  test  SM’s  for 


mine-sweeping.  To  provide  P.  N.  Lebedev  Institute  with 
funding.  Admiral  P.  Kotov  ordered  his  assistants  to 
prepare  Draft  of  USSR  Government  Decree.  The  Decree 
covering  R  &  D  for  a  MCM  with  superconducting  magnet 
on  board  was  approved  in  Kremlin  in  October  1976.  As  a 
result,  45  new  jobs  were  created  at  the  P.  N.  Lebedev 
Institute  Applied  Superconductivity  Group.  The  funding 
was  provided  for  purchasing  in  USA  Helium  Refrigerator, 
SQUID  Magnetometer  and  the  most  powerful  during  that 
time  the  SM  for  the  superconducting  materials  testing, 
generated  a  magnetic  field  of  16.5  T.  On  the  Black  Sea  in 
Sevastopol,  the  Main  Base  of  Black  Sea  Fleet  a  temporary 
joint  team  to  provide  sea  trials  was  settled  on.  The  P.N. 
Lebedev  Institute  was  the  Primer  Contractor.  The 
Subcontractors  were:  the  USSR  MCM  R  &  D  Company; 
producers  of  hydrofoil  vehicles,  cryogenic  equipment, 
superconducting  wire,  and  Russian  Navy  Warfare  Center. 
At  that  time  phase  of  SM  R&D  there  didn’t  exist  any 
experience  in  operating  on  board  and  able  to  withstand  a 
naval  mine  explosion  SM.  It  was  necessary  to  solve  the 
following  scientific,  engineering  and  logistic  problems: 

-  develop  a  SM  capable  of  operating  on  board  in  the 
persistent  current  mode  without  quench  in  severe 
conditions  of  vibration  and  shocks; 

-  solve  the  problem  of  stress  and  strain  distribution  in 
SM’s  winding  after  manufacturing,  cooling  and  during 
operation; 

-  evaluate  the  strain  impact  on  SM  stability; 

-  develop  and  design  a  superconducting  switch  (SS); 

-  develop  and  design  a  100%  reliable  SM  protection 
system  against  over-heating  and  transient  voltage  during 
quench; 

-  develop  and  design  current  leads  with  very  low  heat  flow 
from  the  environment  to  the  helium  bath; 

-  develop  splices  and  joints  with  low  transition  resistance; 

-  develop  a  SM  and  SS  manufacturing  process; 

-  develop,  design  and  manufacture  equipment  necessary 
to  provide  research  and  routine  test  of  SM  and  SS  in  P. 


7-183 


N.  Lebedev  Institute,  including  cryostats  with  removable 
cover,  helium  refrigeration  and  recovery  system, 
instrumentation,  acquisition  system,  data  recording  and 
analyzing  system,  and  related  software; 

-  develop  and  design  a  cryostat  with  low  cryogen  losses 
for  on  board  operation  by  a  shock  overload  of  30  g; 

-  design  a  cryostat  cradle,  able  to  absorb  shock  by  mine 
explosions; 

-  develop  and  design  an  automatic,  on  board  operating 
“two  buttons”  power  supply  (PS)  to  charge  and  discharge 
the  SM  during  MCM  mission; 

-  develop  and  design  in  cooperation  with  industry 
containers  for  liquid  helium  transportation  on  board  the 
mother  ship; 

-  develop  in  cooperation  with  Navy  Tactics  a  new  MCM 
with  SM  application  to  mine-sweeping,  including  the 
problem  of  ship  magnetic  signature  emulation; 

-  provide  Industry  and  Navy  personnel  with  training. 

Our  schedule  was  aggressive:  it  was  necessary  during  a 
period  of  two  years  to  design,  manufacture  and  test  on  the 
Black  Sea  an  acting  prototype  of  the  MCM  with  a  SM  on 
board  towed  by  helicopter. 

Members  of  our  team  were  young  and  enthusiastic.  They 
understood  the  importance  of  our  deal  and  worked  hard 
and  were  very  productive.  Scientific  research,  SM,  SS  and 
PS  development  were  made  in  parallel. 

Most  of  the  researchers  were  graduates  from  a  new 
college  for  gifted  students  in  Moscow  Suburb  and  from 
Moscow  University.  The  team  also  included  top  level 
engineers  from  Industry  and  experts  from  the  Navy 
enriched  by  experience  of  local  wars  in  Vietnam  and  in 
the  Middle  East.  The  USSR  Government  Military 
Department,  the  Navy,  the  President  of  USSR  Academy  of 
Sciences  and  many  top  rank  officers  paid  attention  to  our 
activity. 

II.  Place  of  test,  platform  and  tactics 

L  Place  of  Sea  Trial 

The  main  base  of  the  Black  Sea  Fleet,  Sevastopol  was 
founded  at  the  1784.  This  city-fortress  built  from  white 
limestone  survived  two  sieges  and  two  invasions:  the  first 
at  the  middle  of  the  last  century,  and  the  second  during  the 
World  War  II.  Two  times  it  was  ruined  and  recovered.  In 
the  National  Cemetry  close  to  Black  Sea  coast  are  buried 
sailors  from  Great  Britain,  France  and  Russia,  killed 
during  the  Crimean  War.  On  the  hills  overlooking 
Sevasopol  from  the  South  are  Memorials  of  World  War  II 
and  multiple  graves  of  Russian  soldiers  and  sailors.  In 
downtown  are  monuments  of  Submerged  Ships,  and 
Eternal  Fire  near  the  Unknown  Sailor  Grave.  Sevastopol  is 


a  beautiful  City  located  on  slopes  of  picturesque  hills 
surrounding  the  Main  and  South  Bay.  It  is  Navy  Base 
with  more  uniformed  people  than  civilian.  Sevastopol  is  a 
Russian  National  Memorial,  City  of  Russian  Naval  Glory. 

In  193 9- 194 la  group  of  scientists  and  engineers  leaded  by 
future  President  of  USSR  Academy  of  Sciences  Professor 
Anatoly  Alexandrov  and  future  father  of  Russian  nuclear 
bomb  Professor  Igor  Kurchatov  carried  out  here  the 
degaussing  of  ships  out.  On  June  22,  1941  German  pilots 
parachuted  naval  magnetic  mines  in  Main  Sevastopol  Bay. 
Ten  years  later  one  of  these  mines  detonated  at  a  distance 
of  30  feet  from  the  anchored  battleship  “Novorossiysk”  . 
The  ship  capsized  and  sunk  in  a  few  minutes.  More  than 
one  thousand  sailors  were  killed  by  this  disaster. 

All  Black  Sea  Fleet  MCM  ships,  helicopters  and  Air 
Cushion  Vehicles  were  based  on  Sevastopol  and  on  its 
vicinity.  The  MCM  Engineering  Department  and 
Workshop  were  also  located  in  Sevastopol. 

Sevastopol  was  the  right  place  for  the  first  MCM  with 
SM  sea  trials. 

2.  Platform 

A  carrier  for  MCM  with  SM  should  be  high  speed  and 
explosion-stable.  Two  types  of  high  speed  vessels  can 
survive  a  naval  mine  explosion:  hydrofoil  boat  (HB)  and 
air  cushion  vehicle  (ACV).  The  main  destructive  force  by 
underwater  explosion  is  a  shock  wave.  In  the  HB  motion 
only  the  hydrofoil  is  submerged,  but  the  boat  hull  is  above 
the  sea  surface.  The  density  of  metallic  hydrofoil  is  more 
than  water.  Additionally  the  hydrofoil  is  relatively  thin  and 
therefore  transparent  for  shock  waves.  Traveling  through 
hydrofoil  the  shock  wave  experiences  only  refraction 
without  essential  absorption.  Air  has  density  much  less 
than  water,  and  therefore  shock  wave  experiences 
reflection  from  sea  surface  and  travels  back  without  HB 
hull  damage.  Only  a  water  mushroom,  raised  by  a  naval 
mine  detonation  can  damage  the  HB,  but  the  probability  of 
collision  is  equal  to  the  ratio  of  the  mushroom-effective 
area  to  the  mine-sweeping  zone  area. 

The  HB  was  invented  in  the  small  Russian  town  of 
Sormovo,  suburb  of  old  city  Nigny  Novgorod  on  the 
Volga  river.  The  HB  is  very  popular  in  Russia  as 
transportation  on  sea,  the  Volga  basin  and  in  Siberian. 
Russian  sea  board  guard  is  also  equipped  by  high  speed 
HB. 

Sormovo  HB  Shipyard  was  responsible  for  the  design 
and  production  of  the  HB-SM  carrier  for  our  project. 

Two  HB  Project  Leaders  from  Sormovo  took  part  in  our 
activity  in  Sevastopol  :  Yu.  Garanov  and  V.  Konjakhin. 

ACVs  are  also  explosive  stable  as  they  “fly”  above  the 
sea  surface.  We  used  Russian  ACV  AIST  as  our  system 
carrier  and  high  speed  tug  boat  of  HB  with  SM  on  board. 
The  AIST  division  was  based  on  Donuslav,  a  distance  fifty 
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miles  from  Sevastopol.  Later  events,  happened  during  sea 
testing,  including  a  naval  mine  explosion,  demonstrated 
that  the  HB  and  ACV  were  good  choices  for  our  task. 

5.  Tactics 

A  High  Speed  MCM  with  SM  on  board  was  intended  to 
sweep  magnetic  and  magneto-acoustic  naval  influence 
mines  in  shallow  water  (200’-60’)  ,  very  shallow  water 
(60’“12’)  and  surf  zone.  It  should  be  Organic  MCM, 
operated  from  the  mother  ship  deck.  Typical  mission 
parameters:  2  hours  between  missions,  0.5-2  hours  round 
trip  transit,  4-8  hours  on  station,  including  SM  charge  and 
discharge.  Mission  time  depends  from  a  tug  type:  an  ACV 
can  provide  much  longer  mission  duration  than  a 
helicopter.  SM  should  operate  3-5  days  continuously 
without  cryostat  refilling  by  liquid  helium. 

The  problem  of  ship  magnetic  signature  emulation  during 
mine-sweeping  can  be  solved  in  three  different  ways 
depending  on  the  level  of  mine  sophistication: 

1 .  Sweeping  by  one  point  magnetic  dipole. 

Magnetic  signature  of  one  forward  moving  point 
magnetic  dipole  is  described  by  formulas: 

=  2mVt/[a^  +  (V  iff  ( radial  component )  (1) 

Bj(t)  =  m  a/[a^  +  (V  tff  ( transversal  component )  (2) 

BM(t)  =  m[{4(V  t)^  +  a}  ‘^V{a^  +  (V  t)^}^  (magnitude)  (3) 

where  B  -  magnetic  field  in  gauss 
V  -  platform  speed  in  cm/s 
a  -minimum  distance  between  mine  and  magnet 
in  cm 

m  -  dipole  magnetic  moment  in  gauss  cm^ 
t  -  time  in  second  is  variable:  -oo  <  t  <  oo  , 

V,  a,  m  are  parameters. 

dBf^  /  dt,  dBj  /  dt  and  dB^  /  dt  are  time  derivatives  of 
right  side  of  equations  (1),  (2),  and  (3). 

The  main  parameters  of  magnetic  signature: 

-  transit  time  by  fixed  mine  sensitivity, 

-  number  of  extremes, 

-  amplitudes  of  extremes, 

-  time  separation  between  neighbor  extremes. 

From  (1),  (2),  and  (3)  it  follows,  that  magnetic  field 
decreases  with  distance  as  a^  and  magnetic  field  derivative 
decreases  with  distance  as  a^. 

The  most  influence  mines  are  analyzed  dB  /  dt  signal. 
Therefore  width  of  sweeping  zone  of  one  moving  forward 


MD  by  fixed  mine  sensitivity  increases  very  slowly  (  as 
m  )  by  dipole  magnetic  moment  increasing. 

The  second  disadvantage  of  one  FMMD  is  small  amount 
of  extremes  on  its  magnetic  signature  (one  or  two).  If  the 
influence  mine  has  a  ship  counter,  it  is  necessary  to  pass 
the  same  corridor  not  less  than  20  times. 

The  third  disadvantage  of  one  FMMD  is  the  fixed  shape  of 
MS,  which  makes  the  possibility  of  different  ship  MS 
emulation  difficult. 

2.  Sweeping  by  one  forward  moving  and  rotating  MD 

Magnetic  signature  of  forward  moving  and  rotating  with 
constant  speed  MD  is  described  by  formula: 

(a  MD’s  longitudinal  axis  is  parallel  to  the  sea  surface, 
MD  rotates  around  the  vertical  axis), 

=  m  [  {(4  (V  t))"  +  a'}  cos  (a  t  +  (j)) 

/{a'  +  (Vt)}"  (4) 

where  co  -  rotation  speed,  (j)  -  phase  shift 

Forward  moving  and  rotating  MD  has  the  following 
advantages: 

-  starting  from  some  distance  dB/dt  decreases  not  as  a\  but 
as  a\  and  the  sweeping  zone  width  is  more; 

-  number  of  extremes  is  unlimited,  and  depends  on  mine 
sensitivity  and  speed  of  rotation,  therefore  the  necessity  for 
mine-sweeping  number  of  tacks  is  less; 

-  increased  possibilities  for  the  accurate  ship  MS  emulation 
exist. 

3.  Two  (  or  more  )  point  magnetic  dipoles,  following  each 
other  in  keel  water 

Magnetic  signature  of  system  from  two  moving  by  speed 
V  on  distance  2L  in  keel  water  point  MD  with  DMM  =  m 
each,  can  be  described  by  formula  (3)  by  replacing  time 
variable  t  ->  ( t  ±  L/V  ): 

B2M-BM(t-L/V)  +BM(t  +  L/V)  (3*) 

With  the  help  of  two  or  more,  moving  in  keel  water  MD,  it 
is  possible  to  accurately  emulate  most  of  ships  MS.  In  this 
case  MD  operation  should  be  controlled  by  computer, 
solving  the  reciprocal  problem  of  Magnetostatic:  a 
reproduction  of  known  ship  MS  by  system  of  forward 
moving  magnetic  dipoles  and  selecting  the  appropriate 
solution.  Free  parameters  are:  magnitude  of  every  MD, 
dipoles  magnetic  axis  orientation  in  space,  and  distance 
between  MD. 
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We  successfully  tested  during  the  sea  trials  in  1967-1988 
two  approaches  to  mine-sweeping:  one  forward  moving 
MD  and  one  forward  moving  and  rotating  MD. 

The  problem  of  mine-sweeping  by  two  or  more  MD’s 
moving  in  keel  water  was  only  a  preliminary  estimated: 
the  possibility  to  solving  the  above  mentioned  reciprocal 
problem  of  Magnetostatic  was  discussed  with  experts  on 
Applied  Mathematics  in  Moscow  University  and  M.  V. 
Keldysh  Institute  of  USSR  Academy  of  Sciences.  In 
parallel  on  Sormovo  ship  yard  a  possibility  of  towing  by 
helicopter  two  MB’s  in  keel  water  was  studied. 

Twenty  years  passed,  and  this  study  was  continued: 
now  under  development  in  France  a  programmable  low 
speed  magnetic  sweep  “STERN”  with  six  resistive 
magnets,  moving  in  keel  water.  “STERN”  can  exactly 
reproduce  the  MS  of  any  ship.  This  system  should  be 
towed  by  tug  boat  equipped  by  power  supply  at  a  speed  6- 
8  knots,  but  it  has  no  ability  to  sweep  in  very  shallow 
water. 


III.  Superconducting  magnets  for 

OPERATION  on  BOARD  IN  SEVERE  CONDITIONS 
OF  VIBRATION,  SFIOCK,  AND  EXPLOSION 

SM  operates  only  a  few  degree  below  critical  temperature 
Tc.  Below  Tc  exists  superconductivity,  SM  has  zero 
resistance,  and  can  operate  in  persistent  current  mode, 
when  the  circuit  is  closed  by  the  SS.  In  persistent  mode 
time  of  current  decay  in  SM  x  depends  on  transition 
resistance  R  in  joints  and  magnet  inductance  L:  x  =  L/R. 
In  our  SM  x  =  I O’  sec.  or  more  than  30  years. 

Above  Tc  magnet  looses  superconductivity  and  becomes 
resistive  with  resistance  equal  to  resistance  of  copper 
matrix  of  conductor  in  which  Nb-Ti  filaments  are 
imbedded.  Typically  this  resitence  is  10-50  Ohms  by  very 
low  temperature,  and  current  in  magnet  should  disappeare 
within  a  few  seconds,  generating  heat. 

Unfortunately  entalphy  of  all  materials  by  SM  operating 
temperature  4.2  K  is  very  small  ~  10'“  J/g.  As  SM  with 
high  current  density  ( it  is  our  case  )  is  surface  cooled,  and 
winding  does  not  have  enough  good  heat  conductivity,  the 
negligible  amount  of  heat,  generated  for  different  reasons 
in  any  location  inside  the  winding,  will  cause  transition  to 
the  resistive  state  or  quench.  In  magnets  with  high  current 
density  the  quench  is  an  irreversible  process. 

During  quench  all  liquid  helium,  stored  in  the  helium 
vessel  dumps,  and  sweep  should  be  delivered  to  the 
mothrship  for  refilling  and  control  testing. 

Quench  is  a  complicate  process.  Starting  in  some  place  as 
a  result  of  thermal  disturbance,  resistive  zone  in  winding 
propagates  with  velocity,  depending  on  current  density  in 
copper  matrix,  its  resitivity,  heat  capacity,  heat 


conductivity,  and  thermal  resistance  of  insulation  between 
turns  and  between  layers.  If  the  process  is  not  accelerated 
artificially,  all  stored  magnetic  energy  will  be  converted  to 
heat  in  a  small  part  of  winding.  Additionally  as  a  result  of 
misbalance  between  resistive  and  inductive  voltage,  high 
voltage  will  be  generated  in  the  quenched  area,  and 
unprotected  from  overheating  and  high  voltage  the  magnet 
will  fail  resulting  in  possible  conductor  damage  and 
insulation  electrical  breakdown. 

It  is  clear,  that  for  SM  normal  operation,  it  is  necessary  to 
minimize  the  probability  of  thermal  disturbances,  and 
protect  magnet  from  quench.  The  thermal  disturbances 
have  different  origins,  but  the  main  origin  is  any 
movement  accompanied  by  friction.  To  control  all 
displacements,  it  is  necessary  to  know  the  stress  and  strain 
distribution  in  winding  during  SM  operation,  and  provide 
appropriate  magnet  design. 

It  is  necessary  also  to  protect  the  magnet  by  quench  from 
overheating  and  transient  voltage. 

1.  SM  Design  and  Manufacturing 

Basic  element  of  our  SM  was  one  modulus.The  number 
of  module,  assembled  together  ,  can  change,  starting  from 
one  up  to  fifteen.  Every  SM  was  assembled  from  the 
identical  module,  but  in  different  mine-sweeping  systems 
dimensions  and/or  number  of  module  being  different. 
Winding  of  every  modulus  was  wound  with  tension  on 
stainless  steel  coil  form.  Tension  was  close  to  yield  point 
of  Cu-Nb-Ti  conductor.  A  standard  machine  was 
accommodated  for  this  process,  used  by  transformer 
producer,  adding  programmable  system,  which  controlled 
the  conductor  tension.  During  winding  the  strain  in  the  coil 
form  was  measured  by  a  strain  gauge  and  compared  with  a 
pre-calculated  value. 

The  coil  form  was  insulated  from  winding  by  GIO  sheets. 
Every  layer  was  coated  by  epoxy,  filled  by  quartz  sand.  As 
a  spacer  between  layers  we  used  a  glass  fabric, 
impregnated  by  epoxy.  The  winding  was  additionally 
prestressed  by  a  band,  wound  over  the  last  conductor 
layer.  The  band  was  manufactured  from  stainless  steel 
wire  under  high  tension.  Ater  manufacturing  and  removing 
from  the  mandrel  the  winding  was  compressed  between 
two  powerful  “springs”:  the  compressed  coil  form  and 
the  stretched  band.  Compression  was  kept  also  after 
cooling  up  to  4.2  K  and  during  SM  operation. 

To  know  what  is  going  with  a  prestressed  SM,  his  elastic- 
plastic  behavior  was  simulated  analytically  and  by 
computer.  As  a  result,  a  stress  and  strain  distribution  in  our 
layered  structure  on  all  stages  of  manufacturing  and 
operation  was  calculated  [1],  [2].  Our  task  was  to  prevent 
any  motion  in  winding  during  the  SM  charge  and 
operation.  But  to  prevent  the  local  crack  of  epoxy  by  low 
temperature  is  very  complicate.  In  properly  designed  SM 
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this  process,  accompanied  by  local  heat  generation  and  by 
SM  quenches,  has  to  be  irreversibly  completed  after  a  few 
charges  ( “SM  training”).  After  that  the  SM  is  operational. 
The  number  of  quenches  by  “training”  certifies  the  quality 
of  the  SM:  than  less  quenches,  than  better  SM;  the  best 
magnets  operate  without  training. 

After  manufacturing  every  magnet  modulus  was  tested  and 
certified.  Assembled  SM  module  were  packed  between 
end  plates  and  fixed  by  tie-rods.  In  some  cases  the 
neighbor  coil  frames  were  joined  by  welding  to  prevent 
their  displacement  (alignment)  in  high  magnetic  fields, 
accompanied  by  quench.  Conductor  splices  were  Joined  by 
soldering  and  fixed  over  the  module  bands  on  the  GIO 
sheet  covered  by  copper  foil. 

It  was  solid  SM  design,  able  to  survive  in  severe 
environmental  conditions.  Dimensions,  stored  energy  and 
parameters  of  our  SM  are  described  in  [2]. 

2.  SM  protection  by  quench 

If  the  whole  winding  quenches  instantly,  the  stored  in 
magnetic  field  energy  converted  into  the  heat  uniformly 
around  the  winding  volume.  If  we  will  neglect  by  heat 
exchange  between  the  winding  and  liquid  helium  bath,  the 
winding  temperature  T  after  quench  can  be  calculated 
from  the  energy  balance: 

00  T 

1/2^0  lB^dV  =  Vo  JCvdT  (5) 

0  4.2 

where  B  is  magnetic  induction,  in  T 

Cv  is  the  winding  average  heat  capacity,  in  J/  ®Km^ 

Vq  is  the  winding  volume,  in  m^ 

Po  is  magnetic  permeability  of  vacuum. 

From  calculations  and  experimental  data  it  is  known  [2] 
that  for  middle-size  SM,  typical  for  mine  counter¬ 
measures  application,  T  <  200  K,  much  less  than  ambient 
temperature  ( 290  K  -  300  K  ).  Therefore  an  instant  quench 
is  safe:  the  winding  is  protected  against  the  over-heating 
and  high  transient  voltage. 

Instant  quench  is  possible,  if  velocity  of  quench 
propagation  V  ->  oo.  But  in  a  real  SM  V  is  limited  . 
Velocity  of  quench  propagation  along  conductor,  if  the 
heat  exchange  with  the  helium  bath  is  negligible,  can  be 
described  by  formula: 

V  =  J{pX/C'(Tc-To)}"'  (6) 

where  J  is  current  density  in  Aim, 
p  is  resistivity  in  Ohm  m, 

X  is  conductor  heat  conductivity  in  W/  m  °K, 

C  is  heat  capacity  in  J/°Km^ 

Tc  is  superconductor  critical  temperature  in  °K, 


To  is  superconductor  temperature  before  quench  in  °K. 

Velocity  of  quench  propagation  trough  conductor 
insulation  (  from  turn  to  turn,  or  from  layer  to  layer  ), 
can  be  described  by  formula: 

Vi  =  V{  (7) 

where  is  insulation  heat  conductivity, 
typically  1000  times  less  than  by  copper. 

It  is  possible  to  estimate  by  formulas  (6)  and  (7),  that 
quench  propagation  velocity  along  the  conductor  by 
typical  current  density  in  copper  matrix  200  -  500  A/mm^ 
and  AT^  2-3K  is  a  few  tens  meters  per  second.  Velocity 
of  quench  propagation  through  insulation  between  turns 
and  layers  is  tens  times  less.  Now  we  can  describe  a 
quench  dynamics:  a  thermal  disturbance  (in  many  cases 
it  is  enough  10'^  J  )  generates  a  quench  embryo.  Quench 
starts  to  propagate  through  winding  in  all  directions.  As 
the  propagation  velocity  is  different  in  different  direction, 
and  winding  has  an  annular  shape,  the  quenched  volume 
has  the  shape  of  a  curved  hot  dog.  Heating  inside  of  the 
hot  dog  is  going  quickly  and  resistivity  increases.  In 
middle-size  SM  impregnated  by  epoxy  all  stored  energy 
dumps  inside  of  the  hot  dog  in  a  period  of  a  few  seconds. 
Now  ,  to  calculate  the  average  temperature  T^ot  inside  of 
the  hot  dog,  we  must  apply  formula  (5)  not  to  Vo ,  but  to 
the  hot  dog  volume  V^^t  •  the  is  much  less  than 
^0  ?  »  T  =  200K.  The  result  is  very  bad:  damage  to 

insulation,  electric  breakdown,  and  conductor  melting.  It 
becomes  clear  the  only  way  to  protect  autonomous  SM, 
operating  in  the  persistent  current  mode,  is  to  provide 
quench  of  whole  winding  in  a  very  short  period  of  time. 

There  are  two  possible  solutions  of  this  problem: 

1.  A  heater,  co-wound  with  basic  conductor,  and  quench 
detection  system,  switching  the  heater  on  instantly  after 
the  quench  start. 

2.  SM  winding  subdivision  with  shunts. 

Our  motivation  to  provide  a  SM  with  protection  was  an 
accident,  which  happened  in  our  laboratory  in  1978,  when 
R  &  D  of  the  SM  with  high  current  density  was  on  the 
initial  stage.  We  manufactured  and  tested  a  big  for  that 
period  of  time  SM  for  mine-sweeping,  and  our  team  was 
prepared  to  move  to  the  Sevastopol  for  a  sea  trial. 

It  was  decided  to  do  a  magnet’s  final  indoor  test,  to  be 
sure  that  our  system  operates  properly.  While  performing 
the  test,  the  magnet  was  damaged  during  quench.  The 
magnet  was  dismantled,  and  in  one  modulus  of  the  15  a 
cave  was  discovered:  conductor  was  melted  and  partly 
evaporated  inside  of  a  shpere  of  the  radius  one  cm  . 
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After  this  case  we  started  a  fundamental  study  of  quench 
propagation  in  SM  with  high  current  density.  During 
testing  every  modulus  was  supplied  by  multiple 
thermocouples,  small  heaters  and  voltage  taps,  located  in 
different  parts  of  the  winding.  We  started  quench  in  an 
appointed  place  to  measure  a  quench  propagation  velocity 
in  different  directions.  We  also  performed  quench 
computer  simulations,  and  compared  the  theoretical  and 
experimental  results  [2].  On  the  base  of  long  term  quench 
studies,  we  decided  to  choose  SM  protection  by 
subdivision  with  shunts.  Quench  in  a  subdivided  magnet 
moves  with  high  rates  of  speed  and  acceleration,  like  a 
snow  avalanche:  winding  sections  are  inductively  coupled, 
the  magnetic  flux,  which  disappeared  in  one  section  is 
supported  by  neighboring  sections.  Current  in  this  sections 
increases  above  some  critical  value,  generating  quench  in 
the  whole  of  their  volumes  momentarily.  Ater  that  quench 
moves  to  the  next  section.  It  was  shown  in  our  laboratory, 
that  approximately  all  energy  stored  by  some  winding 
section  is  converted  to  heat  inside  this  particular  section. 
The  thermal  energy  distribution  in  winding  is  much  more 
uniform  than  in  SM  without  subdivision:  if  the  volume  of 
every  section  is  chosen  correctly,  the  conductor 
temperature  after  quench  is  never  more  than  200K  and  the 
SM  will  never  fail  by  quench.  We  created  and  published 
the  methodology  of  quench  protection  system  calculation, 
design,  manufacturing  and  testing. 

5.  Superconducting  Switch 

The  supeconducting  switch  (SS)  controls  the  SM  mode  of 
operation:  to  charge  or  discharge  the  magnet,  it  is 
necessary  to  open  the  switch.  In  the  persistent  current 
mode  the  SS  is  closed.  To  provide  high  resistance  in  non- 
supercondactve  state,  SS  manufacturing  should  use  a 
conductor  with  high  matrix  resistivity,  for  example  Cu-Ni- 
Nb-Ti  alloy.  During  SS  is  superrconducting,  current  flows 
through  Nb-Ti  filaments,  imbedded  in  the  matrix.  When 
SS  is  resistive,  the  main  part  of  the  current  flows  through 
the  matrix.  SS  transition  to  resistive  mode  is  activated  by  a 
heater  and  controlled  by  attaching  to  the  SS  winding 
thermocouple.  SS  was  wrapped  by  glass  fiber  blanket, 
impregnated  by  epoxy,  and  its  cooling  was  provided  by 
blanket  heat  conductivity.  The  SS  design  was  optimized  to 
provide  the  minimum  liquid  helium  losses.  More  detail 
information  about  SS,  used  in  our  SM  is  found  in  [3]. 

4.  Explosive  and  Vibration  Stable  Cryostat  for  SM 

By  the  cryostat  design  we  tried  to  provide  the  very  low 
liquid  helium  losses  and  ability  to  withstand  pulse 
overload  and  vibrations.  We  used  the  experience  of  space 
cryogenic  engineering:  a  stainless  steel  helium  vessel  was 
suspended  by  neck  inside  the  vacuum  vessel. 


manufactured  from  A1  alloy  and  fixed  by  six  GIO  strip 
with  the  tensile  strength  approximately  80  kN  each.  The 
suspension  can  withstand  30g  impulse  load  and  vibration 
typical  by  sea  trial.  Losses  of  liquid  helium  during 
operation  in  severe  sea  condition  were  10%  per  day  (24 
hours).  Cryostat  was  supplied  by  current  leads  with  force 
cooling  during  the  magnet  charge  and  discharge.  During 
the  operation  in  persistent  mode  a  heat  flow  through 
current  leads  into  the  helium  vessel  was  negligible.  The 
helium  vessel  was  protected  against  radiation  by  two 
shields  and  by  MLI.  The  vacuum  vessel  was  suspended  by 
shockabsorbers  on  the  cryostat  cradle. 

4.  Power  Supply  and  Control  System  (PSCS) 

Power  supply  and  control  system  were  integrated 
together,  and  operated  as  an  autonomous  “  two  buttons” 
device.  Two  of  our  MCM  PSCS  were  controlled  by  cable, 
four  others  per  radio.  PSCS  automatically  provided  full 
cycle  of  magnet  charge  and  discharge: 

1 .  SS  transition  from  superconducting  to  resistive  state. 

2.  SM  charge,  raising  currents  up  to  appointed  value. 

3.  Current  stabilization. 

4.  Transition  to  persistent  current  mode. 

5.  Magnet  discharge  on  a  load,  placed  outside  cryostat. 
Feedback  was  provided  by  four  sensors: 

1 .  Thermocouple  attached  to  the  SS. 

2.  Level  of  liquid  helium  gauge. 

3.  Magnetic  sensor. 

4.  Acoustic  sensor. 

The  primerary  supply  in  two  PSCSs  was  an  AC  generator, 
and  in  four  other  PSCSs  was  a  battery. 

Additional  information  about  our  PSCS  can  be  found  in 

[3]. 

IV.  The  first  mine  countermeasure 

DEVICES  WITH  SUPECONDUCTING  MAGNET  ON 
BOARD 

1.  MCM  Prototype,  Towed  by  Helicopter 

The  first  MCM  Prototype  was  tested  in  the  fall  of  1977 
in  the  Sevastopol  area.  The  SM  has  dipole  magnetic 
moment  (DMM)  0.85  10^  Am^  and  was  installed  together 
with  PSCS  on  hydrofoil  sled.  Sea  testing  included  the 
following: 

1.  SM  operation  on  moored  hydrofoil  sled. 

2.  Towing  MCM  by  ship  at  different  speed,  sea  conditions, 
and  at  different  angles  between  sea  waves  and  sled 
heading. 

3.  Recording  MCM  magnetic  signature  on  the  Black  Sea 
Fleet  Magnetic  Control  Station  by  magnetic  sensors, 
placed  on  sea  bed. 
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4.  Towing  hydrofoil  sled  by  helicopter. 

Points  1-3  of  the  test  program  were  successful  realized. 
After  that  a  “traffic  accident”  occured: 

During  trials  on  October  17,  1977,  an  unexperienced 
helicopter  pilot  doubled  the  tow  speed  and  lifted  sled 
above  the  sea  surface.  Within  a  few  seconds,  the  sled 
struck  the  water  surface  at  a  speed  70  knots  and  was 
heavily  damaged.  The  estimated  overload  was  30  g.  But 
the  SM  survived  and  continued  to  operate  in  the  persistent 
current  mode  in  a  head-over  heels  position.  This  accident 
demonstrated  our  SMs  striking  vitality. 

2.  Testing  of  Sself  Propelled  MCM  Prototype  and  the  First 
Mine-Sweeping  with  SM 

The  SM  with  the  DMM  =  0.6  10^  Am^  and  radio- 
controlled  PSCS  was  mounted  on  a  hydrofoil  sled  supplied 
with  a  100  HP  engine.  Planted  on  sea  bed  was  a  training 
magneto-acoustic  influence  mine,  connected  by  cable  with 
an  on  shore  operating  signal  processing  and  recording 
station.  The  hydrofoil  sled  with  the  SM  on  board  moved 
along  a  straight  line,  at  different  distance  from  the 
influence  mine.  Noise,  necessary  to  activate  the  mine 
acoustic  sensor,  was  generated  by  the  screw  propeller. 
Twelve  passes  were  performed  with  distances  on  the  beam 
of  the  sled  from  5  to  45  m  at  a  speed  of  21  ks.  The  width 
of  the  sweep  zone  was  70m.  A  mine  was  “detonated” 
every  time,  when  dB/dt  at  the  mine  location  was  >  15  y  /  s. 

3.  Testing  of  MCM  Prototype  with  a  Rotating  SM 

Rotating  SM  with  DMM  =  0.94  lO’  Am^  and  PSCS  was 
mounted  on  a  self-propelled  sled.  Cryostat  with  SM  was 
rotated  by  an  electric  drive.  Also  developed  was  a  new 
power  supply  unit  with  a  superconducting  filter,  which 
was  connected  in  series  with  the  magnet  and  used  to 
eliminate  the  ripple  of  the  half  wave  rectifier,  which  was 
mounted  on  the  head  of  the  dewar.  The  magnetic  signature 
of  moving  forward  and  rotating  SM  was  recorded  on  May 
12,  1981  at  the  Navy  Control  Magnetic  Station  in  the  Main 
Sevastopol  Bay.  All  ninety  nine  MS  were  in  good 
agreement  with  MS  calculated  by  formula  (4). 

4.  Prototype  of  MCM  Device  for  Anti-Tank  and  Anti- 
Landing  Mines 

In  1984  a  rotating  SM  with  DMM  =  1.15  10^  Am^ 
together  with  PSCS  were  mounted  on  board  an 
amphibious  armored  troop-carrier.  The  interactions  of  the 
rotating  SM  with  troop-carrier  ferromagnetic  hull  and 
magnetic  field  screening  were  pre-calculated  and 
measured  during  testing.  During  December  5-18,  1984, 
mine-sweeping  of  anti-tank  magnetic  mines  was  carried 
out  at  the  Land  Army’s  Fire  Ground  not  far  from 


Moscow.  A  hard  frost,  heavy  snowfall,  and  the  jolting  of 
the  carrier  did  not  have  negative  influence  on  SM 
operation.  During  the  testing  on  December  18th,  training 
anti-tank  mines  were  successfully  “detonated”.  Mines 
were  laid  at  different  traverse  distances  from  troop-carrier 
track  and  along  the  direction  of  its  forward  motion.  Mine 
magnetic  sensor  sensitivity  was  0.1  gauss  or  0.1  gauss  /  s. 
At  a  forward  speed  10km  /  hr  and  a  magnet  rotating 
frequency  of  0.5  hertz,  the  sweep  zone  had  an  elliptical 
shape  with  a  major  axis  of  9  m  and  a  minor  axis  of  8  m. 

5.  Sea  Trials  and  Commissioning  of  MCM  Device  Towed 
by  Helicopter. 

All  components  of  this  device  were  manufactured  by 
Soviet  Industry  as  a  result  of  technology  transfer.  SM  had 
DMM  =  0.6  10^  Am^.  The  primary  power  supply  was  a 
400  hertz  AC  generator,  installed  on  the  mother  ship  or 
onboard  the  helicopter.  SM  was  charged  through  the 
tow-cable.  SM  and  PSCS  were  installed  on  hydrofoil  sled 
inside  water-proofed  compartments.  The  SM  carrier  had 
the  following  basic  parameters:  a  length  of  8.65m,  a  height 
of  2.5m,  a  beam  of  2.5m,  and  a  gross  weight  of  2,300  kg. 

The  operating  speed  was  22-27  knots,  the  tow-line 
tension  at  a  speed  of  22  knots  was  1,600  kg.  The  tow-line 
length  was  250  m.  Testing  of  the  system  was  conducted  on 
the  Black  Sea  during  1982  -  1984. 

The  program  of  preliminary  testing  included  40  towing 
tests,  in  all  more  than  200  hours  of  towing  by  ship  and 
helicopter  in  open  sea,  under  good  and  bad  weather 
conditions.  The  MCM  was  delivered  to  the  station  on  the 
upper  deck  of  the  mother  ship,  a  266  M  class  ocean  mine¬ 
sweeper. 

After  preliminary  testing  the  following  program  of  final 
testing  and  certification  was  performed: 

1 .  Mooring  test. 

2.  13  towing  by  ship  and  17  by  helicopter  Mu-14BT. 

3.  SM  cooling  and  charging  cycle  parameters  control. 

4.  PSCS  cycling  test. 

5.  MCM  magnetic  and  acoustic  signature  recording. 

6.  The  most  interesting  was  explosion  stability  test. 

An  influence  naval  mine,  charged  by  435  kg  of  TNT  was 
laid  on  the  depth  of  19.5  m.  The  mine  was  detonated  at  a 
distance  25  m  from  the  hydrofoil  sled,  towed  by  helicopter 
with  operational  SM  and  acoustic  emitter.  After  explosion 
the  sea  surface  had  the  protuberant  shape  and  the  sled 
crossed  at  the  center  of  protuberance.  A  few  second  later 
the  protuberance  exploded  in  a  water  mushroom  50  m  in 
height  behind  the  sled.  It  was  verified  by  remote  control 
that  SM  survived  and  continued  to  operate  in  persistent 
current  mode. 

7.  Minefield  sweeping.  A  defined  area  of  water  was 
secretly  mined  with  influence  naval  bottom  mines.  The 
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mine-sweeping  was  carried  out  by  equidistant  parallel 
sweeping  tacks.  All  mines  were  successful  detonated. 

8.  The  sled  with  SM  on  board  was  transported  by  air 
from  a  heliport  to  the  open  sea  and  placed  on  sea  surface 
for  mine-sweeping:  it  was  demonstrated  that  mine¬ 
sweeping  in  littoral  zone  possible  without  the  need  for 
mother  ship. 

After  successful  completing  final  testing,  the  first  MCM 
device  with  on  board  superconucting  magnet  was  certified 
and  added  to  USSR  Navy  Armory  by  Order  of  the 
Commander  in  Chief  of  the  Navy. 

d.  Remote  Controlled  Self-Propelled  MCM  on  Air  Cavity 
with  Rotating  Superconducting  Magnet 

USSR  Navy  baseline  in  Mine  Warfare  was  MCM 
diversification:  helicopter  is  vulnerable  to  anti-helicopter 
mines  and  to  weather  conditions.  Additionally  helicopter 
is  very  expensive  and  controlled  by  screw  vehicle. 

Therefore  the  Navy  Head  Quarters  in  Moscow  prepared 
a  Draft  of  Government  Decree  for  R  &  D  of  unmanned 
high  speed  self-propelled  MCM  with  SM  on  board. 
Decree  was  approved  in  Kremlin  in  1987. 

To  cut  period  of  R  &  D,  it  was  decided  to  use  as  a  basic 
approach  the  project  of  the  fifteen  tons  displacement  high 
speed  border  guard  vehicle,  using  to  pursue  fishermen- 
smugglers  on  the  Russian  Far  East.  The  vehicle  travels  on 
air  cave  under  keel,  and  she  had  improved  explosion 
stability. 

The  following  equipment  was  mounted  on  board: 

-  a  1,000  HP  diesel  engine, 

-  the  main  and  auxiliary  electric  generators, 

-  steering  and  engine  operations  remote  control  system, 

-  radio  receiver  and  radio  transmitter, 

-  radar  emission  reflector, 

-  rotating  SM  with  DMM  =  1 .27  10^  Am^, 

-  remote  controlled  PSCS, 

-  remote  controlled  a  cryostat  rotation  equipment, 

-  a  fire  extinguishing  and  other  auxiliary  equipment, 

-  a  wheel-house  for  manned  operation. 

The  maximum  speed  was  50  knots,  operational  sea 
conditions  was  up  to  wind  force  6. 

The  vehicle  was  built,  equipped,  and  commissioned  by  an 
old  and  deserved  Russian  ship-yard,  created  in  San- 
Petersburg  at  the  beginning  of  our  century. 

MCM  sea  trials  started  in  the  Gulf  of  Finland  in  1988. 

The  vehicle  was  an  outstanding  example  of  superior  anti¬ 
mine  warfare  operational  in  severe  weather  conditions, 
able  to  emulate  ship  magnetic  signature,  high  speed, 
explosion  stable,  unmanned,  remote  controlled,  with  wide 
sweeping  zone.  Additionally  the  vehicle  heading  can  be 
pre-programmed. 

But  the  high  potential  of  the  new  MCM  was  not  realized 
in  former  Soviet  Union:  Michael  Gorbachev  turned  the 


rudder  of  Russian  History,  Perestroyka  started,  and 
funding  of  all  military  programs  was  drastically  cut.  Along 
with  other  programs  this  very  interesting  project,  the 
MCM  of  the  twenty  first  century  was  killed. 

7.  Air  Cushion  Vehicle  AIST  as  a  MCM  Platform 

With  landing  operation  it  is  very  desirable  to  have  an 
organic  MCM,  included  in  the  battle  group.  Therefore  it 
was  decided  to  use  Russian  ACV  AIST  as  a  transportation 
platform  and  tug-boat.  AIST  is  a  high  speed  landing  craft, 
able  to  accommodate  the  armored  troop-carriers  or  tanks, 
therefore  on  her  deck  was  enough  free  place  for  the 
hydrofoil  sled  with  SM  along  with  containers  with  liquid 
He  and  N2.  AIST  had  ability  to  lower  the  sled  on  the  sea 
surface,  take  sled  in  tow  during  MCM  missions,  and  lift 
back  on  board.  Successful  mine-sweeping  by  the  MCM, 
described  above  in  point  5  and  towed  by  AIST  was 
realized  during  1982-1984  on  the  Black  Sea  Fleet  fire- 
ground. 

V.  Conclusion 

In  1976-1988  in  former  USSR  the  MCM  devices  with 
explosion  and  vibration  stable  superconducting  magnets 
with  high  current  density,  operating  in  the  persistent 
current  mode  were  designed,  manufactured  and  tested.  A 
new  generation  MCM  devices  allows  defeat  of  the 
modem  sea  ground,  anti-tank  and  anti-landing  mines  in 
shallow  water  and  in  surf  zone. 
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ABSTRACT  -  Over  the  last  several  years,  the  Office  of  the 
Oceanographer  of  the  Navy  (N096)  has  sponsored  the 
development  of  a  coherent  high  Hdelity  synthetic  environment 
for  stimulating  sonar  systems.  In  January  1996  this  stimulation 
capability  was  demonstrated  using  an  emulation  of  the  signal 
processor  and  display  for  the  detection  sonar  of  the  AN/SQQ-32 
Advanced  Minehunting  Sonar.  The  demonstration  featured 
free-play  vignettes  in  which  ship  and  sonar  operating 
parameters  were  interactively  selected  in  response  to  real  time 
displays.  This  paper  describes  the  Acoustic  Time  Series 
Simulator  (ATSS)  and  presents  several  examples  illustrating  the 
influence  of  the  ocean  environment  on  the  operation  of  the 
AN/SQQ-32  detection  sonar. 

Introduction  And  ATSS  Concept 

The  Acoustic  Time  Series  Simulator  (ATSS)  represents  a 
simulation  technology  for  high  fidelity  synthetic  signal 
generation.  ATSS  is  designed  to  provide  the  U.  S.  Navy  with 
the  ability  to  accurately  represent  the  influence  of  the  ocean 
environment  on  the  performance  of  naval  system  sensors. 
The  objective  is  to  create  a  synthetic  environment  for  sensor- 
based  systems  which  is  indistinguishable  in  all  significant 
respects  from  the  real  environment.  This  allows  a 
performance  evaluator  to  conduct  a  first  order  assessment  of 
notional  systems  without  the  time  and  cost  burden  of  at-sea 
experiments.  Using  state-of-the-art  underwater  acoustic 
propagation  models  and  environmental  databases,  ATSS 
creates  virtual  signals  for  stimulating  the  signal  processing 
suite  of  any  existing  or  notional  sensor  system.  Within  the 
limits  of  the  physics  included  in  the  models  and  the  accuracy 
of  the  databases,  these  virtual  signals  are  statistically 
indistinguishable  from  real  signals.  ATSS  generates  high- 
fidelity  time  series  representations  of  both  signal  and 
masking  acoustic  fields  in  real  time  from  unscripted  scenarios 
using  massively  parallel  computers.  Both  impulsive  and 
phase-modulated  source  waveforms  are  modeled.  For  active 
systems,  time  series  of  echo,  reverberation,  and  noise  are 
computed. 

The  development  of  ATSS  has  been  accomplished  in  the 
context  of  the  Synthetic  Environment  (SE)  concept.  The 
environment  in  this  context  comprises  both  the  physical 


environment  model  in  which  it  is  desired  to  immerse  the 
system,  and  a  real-time  evolving  acoustic  scene  in  which 
emitters  and  targets  can  be  placed  in  a  desired  way.  The 
function  of  the  SE  process  is  to  synthesize  acoustic  signals 
which  present  the  evolving  scene  to  the  processor  in  an 
entirely  realistic  manner.  In  order  to  accomplish  this  realism 
at  the  highest  achievable  level  of  fidelity,  both  the 
environment  and  the  elements  of  the  scene  are  modeled  at  the 
basic  physics  level,  using  the  highest  fidelity  databases  and 
models  available.  The  basic  concept  is  shown  in  Fig.  1. 

The  emphasis  in  the  inclusion  of  a  real  sensor-based 
system  and  its  operator  is  on  real-time  interaction  in  which 
both  external  inputs,  such  as  those  derived  from  an  ongoing 
war-game  activity,  and  the  actions  of  the  operator,  influence 
the  subsequent  evolution  of  the  scene.  An  operator  in  this 
environment  thus  perceives  the  synthetic  environment  as  a 
Virtual  reality'  in  which  he  acts  in  a  fully  realistic  manner  in 
response  to  what  is  presented  as  a  set  of  entirely  realistic 
conditions. 

The  computational  kernel  of  the  synthetic  environment  is 
ATSS.  Within  ATSS,  synthetic  sensor  signals  are  generated 
by  direct  convolution  of  modeled  source  waveforms  with  the 
coherent  impulse  response  of  the  ocean  medium  between 
each  acoustic  source  and  the  sensor  array.  In  order  to  create 
realistic  signals  at  the  sensor,  it  is  essential  that  all 
propagation  paths  between  source  and  sensor  be  modeled, 
and  also  that  the  impulse  response  be  updated  as  source  and 
sensor  move  through  the  medium.  ATSS  computes  the 
contribution  of  target  paths,  reverberation  paths,  and  ambient 
noise  to  the  composite  sensor  signal.  Each  path  is 
characterized  by  an  individual  impulse  response  derived  from 
a  range-dependent  propagation  model.  Both  the  target  model 
and  the  scattering  kernel  used  in  reverberation  include  all 
possible  combinations  of  incident  paths  and  scattered  paths. 

ATSS  has  the  capability  to  model  an  elastic  semi-infinite 
sediment  layer  in  forward  scatter,  while  the  bottom  scattering 
function  for  reverberation  computations  depends  on  a 
complete  description  of  a  layered  visco-elastic  bottom  with  a 
directional  surficial  roughness  spectrum. 
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The  basic  organization  of  ATSS  is  to  use  a  propagation 
engine  for  separate  echo,  noise,  and  reverberation  modules. 
For  a  given  source  waveform,  the  time  series  produced  by 
each  module  are  then  combined  to  form  a  simulated  time 
series  of  received  complex  acoustic  pressure  at  a  receiver. 
The  simulation  is  done  on  an  element  level  basis,  so  for  a 
complex  sensor  consisting  of  many  individual  receivers, 
beamforming  can  be  done  in  a  post-processing  step. 

Sponsored  by  the  Office  of  the  Oceanographer  of  the  Navy 
and  managed  by  the  Office  of  Naval  Research,  the  Navy's 
Advanced  Environmental  Acoustic  Support  (AEAS)  program 
has  developed  the  high  frequency  ATSS  simulation 
capability,  primarily  directed  to  tactical  frequencies 
(nominally  about  1  kHz  to  100  kHz).  While  the  high 
frequency  version  of  ATSS  has  been  primarily  designed  for 
the  frequency  regime  of  a  few  tens  of  kHz,  it  is  also  possible, 
within  the  limitations  of  the  system  and  judicious  choice  of 
parameters,  to  extend  its  range  into  the  lower  frequencies. 
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Fig.  1.  Synthetic  Environment  Concept 
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ATSS  System  Architecture  And  Modeling 


The  system  architecture  for  ATSS  has  been  designed  to  be 
flexible,  scalable,  and  modular.  This  architecture  allows 
ATSS  to  be  applied  to  a  wide  variety  of  sonars,  scenarios, 
and  applications,  such  as  operator  training,  sonar  testing, 
mission  rehearsal,  area  assessment,  simulation  based  design, 
processing  algorithm  design  and  evaluation,  and 
computational  acoustics  evaluations.  Depending  on  the 
hardware  available  and  the  requirements  set  by  the  intended 
use  of  the  signals  generated  by  ATSS,  the  system  architecture 
can  adjust  to  the  size  of  the  problem  and  the  required  speed 
of  execution. 


Pressure  Time  Series 

Fig.  2.  Active  Acoustic  Time  Series  Simulator  Concept 

A,  Supporting  Databases 
Environment 

The  environment  for  ATSS  may  be  range,  azimuth,  and 
depth  dependent.  Navy  standard  databases  are  used  to  supply 
bathymetry,  bottom  composition,  and  sound  speed  profile 
(SSP).  For  interactive  free-play  exercises  the  appropriate 
environmental  data  for  the  current  locations  of  interest  are 
used  in  ATSS.  Separate  databases  are  provided  for  SSP, 
bathymetric  data,  bottom  characteristics  (compressional  and 
shear  velocities  and  attenuations  and  density),  and  bottom 
roughness.  Each  database  includes  data  specified  at  a 
number  of  different  geographic  locations  in  order  to  provide 
for  range  and  azimuth  dependence.  For  high  frequency  cases 
where  the  resolution  of  the  databases  may  not  be  high  enough 
to  adequately  represent  bottom  spatial  features,  the  bottom 
databases  are  augmented  with  statistically  generated  data  to 
represent  realistic  features. 


ATSS  is  prepared  to  receive  updates  to  each  platform's 
course,  speed  and  location  from  an  outside  resource.  This 
enables  ATSS  to  couple  with  any  independent,  sophisticated 
motion  model  (e.g.,  through  Distributed  Interactive 
Simulations).  At  present,  these  updates  come  from  a  high 
fidelity  track  model. 

The  current  version  of  ATSS  has  been  designed  to  run  on 
Intel's  series  of  massively  parallel  computing  machines, 
namely  the  Hypercube  and  the  Paragon.  The  different 
physical  contributors  to  the  final  acoustic  time  series  have 
been  separated  computationally  into  separate  modules  within 
the  architecture.  Each  ATSS  module  generates  a  particular 
aspect  of  the  acoustic  time  series  (noise,  bottom 
reverberation,  target  echo,  etc.).  ATSS  is  designed  in  a 
hierarchical  and  modular  way,  enabling  the  operator  to  turn 
on  or  off  each  ATSS  module. 

Fig.  2  illustrates  the  overall  ATSS  system  concept  for 
active  cases.  The  following  sections  describe  each  of  the 
major  modeling  components  which  make  up  the  system.  A 
more  complete  description  of  ATSS  is  given  in  [1]. 
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Sonar 

The  source  and  receiver  descriptions  are  inputs  to  ATSS  so 
that  it  may  accommodate  a  variety  of  sonars.  Information 
about  individual  element  locations,  orientations,  sizes, 
shadings,  and  utilization  for  transmit  and  receive  beams  is 
included  in  the  sonar  database.  The  number  of  receive  beams 
and  their  locations  are  also  specified.  If  beam  level  rather 
than  element  level  time  series  are  desired,  then  beam  patterns 
can  be  precomputed  and  stored  as  additional  databases  for  the 
sonar. 

Waveforms 

A  library  of  wavetrains  and  wavetrain  sections  is  available 
for  the  source  array  to  use.  Each  wavetrain  is  made  up  of  a 
set  of  wavetrain  "sections".  Individual  pulses  are  each  a 
separate  "section"  of  a  wavetrain,  each  with  its  own  relative 
start  time.  The  wavetrain  information  includes  number  of 
wavetrains,  number  of  wavetrain  sections,  and  for  each 
section  the  pulse  type,  pulse  length,  center  frequency, 
bandwidth,  and  windowing  type.  Additional  information 
provided  within  the  ATSS  system  includes  timing 
information  about  when  to  transmit  a  given  wavetrain  and 
sampling  rate  information.  Signal  strength  and  transmit 
beampattem  effects  are  also  applied. 

Targets 

Target  types,  sizes,  locations,  and  echo  characteristics  are 
included  in  the  target  database.  In  order  to  accommodate  a 
variety  of  targets,  a  T-matrix  representation  of  each  target  is 
utilized.  Frequency  dependence  and  aspect  dependence  are 
included.  Externally  supplied  target  data  can  be  accepted. 

B.  Propagation  Model 

The  high  frequency  version  of  ATSS  uses  the  DELTA  [2] 
ray  model.  A  parallel  version  of  DELTA  has  been 
developed  for  use  on  Intel  Hypercubes  and  Paragons.  In  the 
future,  other  propagation  models  can  be  integrated  into  ATSS 
in  a  straightforward  manner,  if  desired. 

C.  Source  Waveform  Model 

The  source  waveform  time  series  is  created  using  the 
specified  pulse  and  wavetrain  information.  For  frequency 
domain  convolutions  the  source  waveform  time  series  is 
converted  into  the  frequency  domain  using  a  fast  Fourier 
transform. 

D.  Ambient  Noise  Simulator 

The  ambient  noise  time  series  for  each  element  of  the 
sonar  array  is  generated  from  a  Cholesky  decomposition  of 
the  Cross-Sensor  Covariance  Matrix  (CSCM).  The  CSCM  at 
the  receiver  is  created  from  the  noise  directional  spectrum, 
which  is  computed  using  the  environmental  data,  the 
directional  radiation  characteristics  for  the  noise  sources,  and 
the  propagation  model. 


E.  Convolution 

The  source  waveform  is  convolved  with  the  target  echo 
and  reverberation  responses  to  produce  the  time  series  due  to 
an  active  source.  The  following  paragraphs  describe  the 
computation  of  target  echo  and  reverberation  responses. 

Target  Echo 

The  high  frequency  target  scattering  model  incorporates 
multipath  effects  and  allows  for  scattering  between  any  two 
ray  paths  incident  upon  the  target.  The  DELTA  ray-tracing 
code  is  used  to  model  the  propagation,  directly  yielding  the 
receiver  field  decomposed  into  plane  wave  components.  The 
scattered  field  is  also  expressed  as  plane  waves  for  coupling 
with  the  propagation  model.  ATSS  is  configured  to  accept  a 
matrix  of  target  scattering  kernels.  This  matrix  may  be 
produced  with  any  suitable  scattering  kernel.  The  incoming 
field  and  outgoing  field  can  be  connected  by  a  precomputed 
T-matrix  describing  scattering  between  each  incoming  and 
outgoing  plane  wave. 

Reverberation 

At  each  frequency  of  interest  the  monostatic  reverberant 
pressure  in  a  single  beam  due  to  a  source  is  found  by 
integration  over  the  bottom.  The  region  of  integration  is 
limited  by  attenuation  of  the  return,  either  by  the 
beampattem,  or  by  the  range  between  the  source  and  receiver. 
For  each  point  on  the  bottom  the  integrand  is  the  sum  of  the 
product  of  pressures  along  all  combinations  of  two  paths,  one 
from  the  source  out  to  a  point  on  the  bottom,  and  one  from 
the  point  on  the  bottom  to  the  receiver,  multiplied  by  a 
complex  scattering  kernel.  The  scattering  kernel,  which 
includes  the  effects  of  small  scale  roughness  (texture)  and 
large  scale  roughness  (bathymetry),  gives  the  ratio  of  incident 
to  scattered  pressures  for  a  plane  wave.  A  perturbation 
theory  model  is  used. 

ATSS  Application  To  AN/SQQ-32  Minehunting  Sonar 

The  AN/SQQ-32  minehunting  detection  sonar  was  chosen 
as  a  representative  system  to  demonstrate  the  utility  and 
features  of  ATSS  for  tactical  frequencies  and  for  an  actual 
Navy  sonar  system.  A  minehunting  scenario  in  shallow 
water  is  of  great  interest  and  provides  a  challenging 
environment  in  which  to  produce  synthetic  signals.  In  a 
January  1996  demonstration  ATSS  produced  time  series  data 
for  the  AN/SQQ-32  detection  sonar  in  real  time  in  an 
unscripted  free-play  exercise  for  a  minehunting  scenario  in 
the  Persian  Gulf.  In  this  paper,  however,  only  single  ping 
snapshots  will  be  presented  which  address  the  comparison  of 
simulated  data  with  real  data  and  the  effects  of  the 
environment  on  the  sonar  data.  Additional  information  about 
the  AN/SQQ-32  can  be  found  in  [3]. 

A.  Comparison  Of  Simulated  Data  With  Real  Data 

Recorded  data  from  Narragansett  Bay  were  used  for 
comparison  with  ATSS  simulated  data.  The  Narragansett 
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Bay  data  were  taken  on  a  calm  day  and  in  a  region  that  was 
relatively  flat.  The  SSP  was  estimated  to  be  isothermal.  An 
environmental  assessment  of  this  area  was  performed  by  Paul 
Bucca  of  the  Naval  Research  Laboratory,  Stennis  Space 
Center,  in  order  to  estimate  the  geophysical  parameters  of  the 
bottom,  the  bathymetry,  and  the  sound  speed  structure.  Fig.  3 
shows  a  direct  comparison  between  ATSS  simulated  data  and 
AN/SQQ-32  data  for  one  ping  out  of  the  recorded  data  set. 
The  horizontal  axis  corresponds  to  bearing  and  the  vertical 
axis  corresponds  to  range  or  time.  Since  there  was  no  ground 
truth  data  available  on  the  spatial  variability  of  the  bottom, 
we  created  this  variability  for  the  simulation.  The 
comparison  illustrates  that  we  can  create  realistic  bottom 
features  which  have  range  and  azimuthal  variability,  and  that 
ATSS  can  handle  this  variability.  Fig.  4  compares  real  and 
simulated  data  as  a  function  of  time  for  a  single  beam  with  no 
time  varied  gain  (TVG).  The  real  data  overlay  the  simulated 
data.  Note  that  the  roll-off  with  range  (time)  and  the  signal 
statistical  variability  are  in  good  agreement  with  the  real  data. 
Since  there  was  a  spherical  (1  meter  diameter)  mid- water 
column  target  in  this  beam  in  the  real  data  which  shows  up  at 
about  1.16  seconds,  a  simulated  target  of  the  same  size  was 
also  inserted  into  the  simulated  data  at  approximately  the 
same  range.  The  simulated  target  echo  level  and  duration 
match  quite  well  with  the  real  data.  The  strong  echo  in  the 
real  data  which  shows  up  at  about  0.2  seconds  was  not 
simulated.  Fig.  5  is  an  expanded  look  at  the  target  region  in 
range  and  bearing  comparing  real  data  with  simulated  data. 
Note  that  the  simulated  target  echo  structure  looks  very  much 
like  the  real  data,  including  multipath  effects  and  sonar 
beampattern  overlap  effects.  The  fact  that  the  simulated 
target  was  placed  at  a  different  bearing  is  irrelevant. 
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Fig.  3.  Comparison  of  Simulated  and  Real  Data  from  Narragansett  Bay 
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Fig.  4.  Comparison  of  Simulated  and  Real  Data  for  a  Single  Beam 
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Fig.  5.  Comparison  of  Simulated  and  Real  Data  from  a 
Mid-Water  Column  Spherical  Target 


B.  Environmental  Ejfects  Upon  AN/SQQ’32  Data 

ATSS  has  been  exercised  with  a  number  of  different 
environments  for  the  AN/SQQ-32  detection  sonar.  Examples 
from  some  of  these  environments  will  be  shown.  Since  the 
spatial  resolution  of  present  environmental  databases  is  not 
fine  enough  to  provide  the  detail  needed  for  minehunting 
sonar  displays,  we  create  realizations  of  the  bottom  which 
overlay  the  bathymetric  data.  For  higher  resolution 
minehunting  systems  we  can  also  simulate  the  fine  structure 
which  would  be  needed.  As  an  example.  Fig.  6  shows  a 
small  patch  of  correlated  ripples. 
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Fig,  6.  Simulated  Realization  of  Bottom  Ripples 


As  an  aid  in  illustrating  the  influence  of  the  ocean 
environment  upon  AN/SQQ-32  data,  a  "test  pattern"  of  nine 
targets  was  placed  in  the  field  of  view  of  the  sonar  with  deep, 
shallow,  and  mid- water  target  depths.  The  three  targets 
closest  to  the  sonar  are  arranged  in  depth  deep  (port),  mid¬ 
water  (middle),  and  shallow  (starboard).  The  next  row  is 
arranged  shallow  (port),  deep  (middle),  and  mid-water 
(starboard).  The  row  farthest  from  the  sonar  is  arranged  mid¬ 
water  (port),  shallow  (middle),  and  deep  (starboard).  Fig.  7 
shows  the  test  pattern  arrangement  in  a  Persian  Gulf 
environment.  The  background  in  the  figure  represents 
bottom  roughness  variability.  Fig.  8  shows  the  hull  mounted 
sonar  images  with  TVG  for  depression/elevation  (D/E)  angles 
of  4°  down  and  12°  down  for  this  same  region.  The  right 
hand  side  of  the  figure  shows  the  echo  return  for  one  of  the 
center  beams  for  each  D/E  angle.  Note  that  the  relatively  low 
roughness  and  high  roughness  areas  are  visible  in  the  images. 
Note  also  that  deep  targets  are  more  detectable  at  shorter 
ranges  and  shallow  targets  are  more  detectable  at  longer 
ranges. 
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Fig.  7.  Test  Pattern  of  Targets 
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Fig.  8.  Images  of  Target  Test  Pattern  for  Hull  Mounted  Sonar 
Using  TVG  in  Downward  Refracting  Environment 

Fig.  9  shows  the  same  data  except  without  TVG  so  that  the 
reverberation  background  can  be  seen  directly.  As  expected, 
the  short  range  reverberation  is  stronger  for  the  12°  down 
D/E  angle  than  for  the  4°  down  D/E  angle.  The  summer  SSP 
for  this  region  is  strongly  downward  refracting  and  the  water 
depth  is  approximately  55  meters. 

The  environment  for  Fig.  10  is  strongly  upward  refracting 
due  to  a  layer  of  fresh  water  over  salt  water  with  a  water 
depth  of  30  meters.  The  sonar  is  again  hull  mounted. 
Comparing  the  4°  down  D/E  angles  of  Figs.  9  and  10  we  see 
that  the  reverberation  is  weaker  in  the  upward  refracting  case 
of  Fig.  10  even  though  the  bottom  is  closer.  Note  that 
shallow  targets  are  also  seen  better  in  the  upward  refracting 
case. 
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Fig.  9.  Images  of  Target  Test  Pattern  for  Hull  Mounted  Sonar 
in  Downward  Refracting  Environment 
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The  water  depth  for  Fig.  1 1  is  also  30  meters  and  the  sonar 
is  hull  mounted,  but  this  environment  has  constant  salinity. 
Comparing  Figs.  10  and  1 1  we  see  that  the  upward  refracting 
SSP  which  results  from  the  fresh  water  intrusion  reduces  the 
bottom  reverberation  compared  to  the  constant  salinity  case. 
There  is  also  a  significant  difference  between  the  two  D/E 
angle  results  for  the  fresh  water  intrusion  case  due  to  the 
upward  refracting  SSP.  Target  detectability  is  adversely 
affected  by  the  upward  refracting  SSP,  especially  for  the  deep 
and  mid-water  targets  as  seen  with  the  4°  down  D/E  angle. 
Multipath  effects  are  especially  noticeable  in  the  mid-range 
deep  target  echo.  The  environment  for  Fig.  12  is  also 
constant  salinity  isothermal  water  but  100  meters  deep  and 
the  sonar  is  hull  mounted.  As  expected,  short  range 
reverberation  is  weaker  in  the  deeper  water  of  Fig.  12  than  in 
the  shallower  water  of  Fig.  11.  The  target  echo  structure  is 
also  more  compact  in  the  deeper  water  case. 
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Fig.  10.  Images  of  Target  Test  Pattern  for  Hull  Mounted  Sonar 
in  30  Meter  Water  with  Fresh  Water  Intrusion 


D/EAngle4(0*g)  D/E  Angle  12  (Deg) 


-33.75  -16.25  1.25  18.75  33.75  -33.75  -16.25  1.25  18.75  33.75  dB 

Horizontal  Beam  Number  Horizontal  Beam  Number 

Relative  Azimuth  Angle  (Deg)  Relative  Azimuth  Angle  (Deg) 


Fig.  1 1 .  Images  of  Target  Test  Pattern  for  Hull  Mounted  Sonar 
in  30  Meter  Water  with  Constant  Salinity 
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Fig.  12.  Images  of  Target  Test  Pattern  for  Hull  Mounted  Sonar 
in  100  Meter  Water 

A  comparison  between  operating  with  the  sonar  in  hull 
mounted  mode  and  with  the  sonar  towed  20  meters  off  the 
bottom  is  shown  in  Figs.  12  and  13  for  isothermal  water  100 
meters  deep.  Note  the  differences  in  the  reverberation  shape 
versus  time  (range)  for  the  two  cases.  In  the  deep  tow  case 
the  reverberation  drops  off  rapidly  and  then  stays  relatively 
constant  due  to  multipath  dominance  and  very  little  change  in 
grazing  angle.  The  mid-range  deep  target  shows  more 
multipath  spreading  in  the  "deep"  tow  case  than  in  the  hull 
mounted  case.  Comparing  the  12°  down  D/E  angle  images 
we  see  that  at  short  and  medium  ranges  the  deep  target  is 
seen  better  with  the  sonar  hull  mounted  and  the  shallow 
target  is  seen  better  with  the  sonar  towed  near  the  bottom.  At 
short  range  the  choice  of  D/E  angle  makes  a  big  difference 
with  the  sonar  hull  mounted.  The  short  range  deep  target  is 
not  seen  with  the  4°  down  D/E  angle  and  the  short  range 
shallow  target  is  not  seen  with  the  12°  down  D/E  angle. 

Some  environments  make  mine  detection  very  difficult.  A 
rough  rocky  bottom  has  been  simulated  in  Fig.  14  and  the 
targets  in  the  test  pattern  are  very  difficult  to  see.  Even  with 
TVG  to  average  out  the  background,  as  shown  in  Fig.  15,  the 
targets  are  still  hard  to  find. 

Summary  And  Conclusions 

I  have  described  an  acoustic  time  series  simulator,  ATSS, 
which  embodies  state-of-the-art  ocean  acoustics,  ocean 
environmental  databases,  and  parallel  computer  architecture 
to  generate  acoustic  time  series  in  real  time.  These  time 
series  are  useful  for  stimulating  actual  and  proposed  naval 
system  sensors,  in  order  to  aid  in  system  design  and 
performance  studies,  and  for  a  wide  variety  of  additional 
applications,  such  as  operator  training,  area  assessment, 
computational  acoustics  studies,  and  the  design  and 
evaluation  of  signal  processing  algorithms.  As  an  example,  I 
have  described  the  stimulation  of  an  AN/SQQ-32 
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minehunting  sonar  using  ATSS  to  produce  realistic  displays 
of  reverberation,  targets,  and  bottom  features  under  a  variety 
of  environmental  conditions.  I  have  illustrated  the  strong 
influence  of  the  ocean  environment  on  the  operation  of  the 
AN/SQQ-32  detection  sonar. 
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Fig.  13.  Images  of  Target  Test  Pattern  for  Sonar  20  Meters  Above  the 
Bottom  in  100  Meter  Water 
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Fig.  14.  Images  of  Target  Test  Pattern  for  Hull  Mounted  Sonar 
over  Rough  Bottom 
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Fig.  15.  Images  of  Target  Test  Pattern  for  Hull  Mounted  Sonar 
Using  TVG  over  Rough  Bottom 
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Wavelets  have  become  a  popular  tool  in  many 
areas  of  research.  They  produce  a  linear  orthogonal 
decomposition  of  a  time  signal  or  image  which 
simplifies  statistical  quantification.  Analysis  of  time 
signals  in  the  areas  of  radar  and  acoustics  can  be  done 
in  the  wavelet  domain  directly.  Whereas,  multiscale 
processing  involved  in  imaging  utilizes  high  pass  filter 
stages  for  segmentation  purposes.  Algorithms  and 
procedures  can  be  developed  to  automate  the  process  of 
classification  and  identification  using  the  inherent 
properties  associated  with  the  wavelet  decomposition 
process. 

Keywords:  wavelet,  multiresolution  analysis, 

classification,  identification,  segmentation,  peak  signal  to 
noise  ratio. 


An  analogous  decomposition  can  be  obtained  in 
higher  dimensions  for  utilization  in  image  processing. 
The  multidimensional  wavelet  is  created  in  the  same  way 
that  2  dimensional  Fourier  transforms  are  developed.  As 
in  equation  (1)  we  have 

and  similarly  for  the  scale  and  shifts  of  equation  (2) 

The  approach  to  implement  this  decomposition 
involves  a  multtresolution  dyadic  filter  bank  [Vetterli  and 
Kovacevic,  1995].  Successive  stages  of  high  and  low 
pass  filters  form  the  basis  for  this  orthogonal 
decomposition. 


L  INTRODUCTION 

Wavelets  have  certain  advantages  as  an  analysis  tool 
because  of  their  scale  properties  [Rosenfeld,  1 990],  noise 
reduction  capabilities  [Donoho  et  al.  1995],  image 
segmentation  potential  [Mallat,1996  and  Caimy,  1986], 
and  computational  efficiency  [Press  et  al.  1992].  They 
are  also  easily  quantifiable  in  a  statistical  sense  since  they 
are  implemented  as  FIR  filters  which  are  orthonormal 
transforms.  [Akansu  and  Haddad,  1992] 

A  signal  in  the  time  domain  can  be  decomposed  as 
linear  combinations  of  fimctions  such  as 


Figure  1  Multiresolution  Dyadic  Filter  Bank 

These  filters  are  down  sampled  by  2  such  that  at  stage  1 
they  give 


Only  very  special  pairs  or  families  of  fimctions  result  in 
an  orthogonal  series  approximation.  These  special  pairs 
must  satisfy  exacting  mathematical  conditions  [Mallat. 
1989  and  Daubechie,  1992]  which  have  scale  and  shift 
properties 

The  father  wavelet  (j)  and  mother  wavelet  T|f  are  by 
construction 


This  forms  a  transformed  vector  at  each  stage  arranged 


n.  AUTOMATION 

A.  Time  Signal  Decomposition 

The  probability  density  function  of  certain  types  of 
complex  radar  and  acoustic  targets,  and  many  kinds  of 
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environmental  effects  can  be  represented  by  chi-squared 
distributions.  [Skolnik,  1980]  This  implies  that  the 
distribution  of  a  signal  with  additive  noise  characterized 
by  a  chi-squared  distribution  is 
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with 


are  matched  filters.  Threshold  levels  can  be  set  in 
exactly  the  same  maimer  since  the  distributional 
characteristics  can  be  estimated.  However,  we  can 
distinguish  patterns  of  signals  by  taking  into  account 
combinations  of  components  in  the  wavelet  domain.  The 
decomposition  indicates  how  this  might  be  accomplished. 

B.  Image  Decomposition 
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The  transformed  signal  of  the  noise  in  the  wavelet 
domain  is  simply  the  sum  of  scaled  independent  chi- 
square  variables  k  with  c  filter  coejQBcients  per  stage 
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Wavelets  can  also  be  utilized  in  an  imaging 
environment.  However,  at  this  point  they  are  modestly 
used  for  segmenting  the  image  by  detecting  edges 
[Mallat,  1996].  Given  an  image  that  has  been 
decomposed  into  its  wavelet  matrix 
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then 
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(10) 


To  distinguish  a  signal  from  noise  we  can  set  a  threshold 
or  envelope  value  for  various  filter  coefficients.  The 
probability  of  detection  and  false  alarm  are  easily 
calculated  using  this  distributional  assumptions  and  the 
threshold  levels.  Refer  to  the  Appendix  for  other 
distributional  characteristics. 

Figure  2  shows  simulated  targets  with  noise.  The 
first  panel  indicates  an  ideal  representation  without  noise 
or  cross-sectional  fluctuations.  The  second  panel  is  a 
realization  of  the  signal  in  a  noisy  environment  under  the 
conditions  of  Swerling  type  II.  If  the  signal  is 
continuously  transformed  using  a  bank  of  high  and  low 
pass  filters  in  a  dyadic  bank  (i.e.  wavelets)  then  at 
specific  times  the  output  of  the  low  pass  filter  would  be 
obtained  in  the  lower  left  panel.  The  statistical 
characterization  of  the  signal  is  itself  a  chi-squared 
random  variable.  A  threshold  can  be  set  dependent  upon 
the  noise  level  estimated  from  a  first  stage  filter.  Once 
this  is  done  then  the  last  panel  indicates  the  reconstructed 
signal  of  the  inverse  transform.  Because  of  the  threshold 
placement  and  this  realization,  the  signals  have  been 
properly  identified. 

The  next  Figure  shows  a  similar  time  signal  but 
composed  of  ramp  and  step  functions.  The  ramp 
function  can  be  analyzed  in  a  like  manner  which  obtains 
the  same  result.  In  this  particular  case,  the  wavelets  used 


edges  can  be  found  or  determined  by  finding  the 
magnitude  and  phase  of  the  high  pass  filter  components 
such  as 


Phase.  „~atan 


(12) 


By  chaining  the  maximums  of  the  magnitudes  there  are 
edges  which  correspond  to  the  vectors  that  are 
perpendicular  to  the  phase. 
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±  Phase.  „ 


(13) 


A  minefield  will  be  analyzed  and  is  depicted  in 
Figure  4.  A  wavelet  decomposition  and  segmentation  is 
shown  of  an  individual  mine  in  Figure  5.  The  edges  are 
readily  apparent.  To  determine  if  a  match  exists  with 
some  probabflity  we  need  a  statistic  to  conclude  whether 
the  characteristics  of  the  template  (i.e.  the  individual 
mine)  and  segments  of  the  image  correspond.  A 
probability  measure  is  developed  by  first  defining 
distributions  of  the  template  and  objects  in  the  image 
with 


Po(^J)  = 


nu) 


0(ij) 

JlijOiij)' 


(14) 
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Figure  2  Signal  Recovery  from  noise  using  threshold  values  determined  in  the  wavelet 
domain.  The  signal  is  then  reconstructed  into  the  time  domain. 
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Figure  3  Wavelet  transform  of  a  combination  signal  of  ramp  and  step  functions  using  matched 
wavelet  analysing  functions 
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Figure  4  Minefield  imaged  off  the  coast  of  Florida  using  two  different  IR  filters. 
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Figure  5  Mine  edges  for  an  individual  mine  identified  using  a  wavelet  decomposition  at  level  2 
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These  are  the  probability  densities  for  the  object  and  the 
template.  It  is  assumed  that  the  object  or  template  has 
been  transformed  and  scaled  into  the  appropriate 
coordinated  system  for  comparison.  Simple 
interpolations  have  been  applied  for  points  not  on  this 
equally  spaced  grid.  The  hypothesis  test  to  determine  if 
there  is  a  correspondence  of  the  distributions  is 


H^\  PTiij)=Po(ij)  V  ij  (15) 


which  leads  to  a  maximum  likelihood  estimator  of 


Piij)- 


(16) 


Then  the  chi-squared  statistic  for  this  assumption 
becomes 


back  to  the  time  domain.  The  probabilities  of  false  alarm 
and  detection  are  easily  calcuable.  By  utilizing  the 
appropriate  wavelets,  and  or  its  components,  it  is  also 
possible  to  identify  the  type  of  signal  being  detected. 

The  usefulness  of  wavelets  for  image  analysis  lies  in 
their  ability  to  determine  the  boundaries  or  edges  of 
objects.  Due  to  the  multiresolution  analysis  aspects, 
edges  can  be  determined  at  sparse  levels  in  the  wavelet 
matrix  tequiiing  less  computational  loading  to  determine 
a  correspondance  between  the  template  and  image. 
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which  is  distributed  as 


(17) 


where  the  Sy  are  the  number  of  pixels  in  the  distribution. 

Now  that  we  have  the  probability  measure  we  can 
take  the  minefield  previously  depicted  and  determine 
where  the  mines  are  located.  Figure  6  shows  that  there 
are  significant  areas  where  mines  are  located.  Taking 
this  same  section  of  the  minefield  and  adding  noise 
determines  how  robust  this  measure  would  be  to  locating 
areas  if  the  image  where  degraded. 

Figure  7  gives  the  results  of  this  degradation.  As 
more  noise  is  added  the  probability  of  locating  the  mines 
decreases.  An  empirical  distribution  was  created  as  the 
Peak  Signal  to  Noise  Ratio  (PSNR)  was  decreased. 

Since  there  where  256  pixels  in  the  image,  we  can  see 
diat  degradation  occurs  at  around  20db  PSNR.  Naturally 
we  can  compensate  for  this  increase  in  noise  but  our 
abihfy  to  distinguish  edges  will  start  to  be  diminished  as 
well. 

m  CONCLUSION 

Wavelets  are  a  convenient  way  to  analyze  signals  of 
the  time  domain.  Continuously  sampled  signals  can  be 
envelope  detected  in  the  wavelet  domain  and  transformed 
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Figure  6  Probable  areas  where  mines  are  located  in  this  segment  of  the  minefield  image. 
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Figure  7  Degradation  of  the  image  leads  to  a  reduction  in  the  Probability  of  Detection 
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APPENDIX 

Distributional  Aspects  of  Various  Transformed  Signals 

Definition  A,1  The  characteristic  function  of  a  random 
variable  X  is  defined  as 

Where  the  operator  E(’'‘)  is  the  expectation  of  X  defined 
by 

E(e“^=le‘‘^J{x)dx 

and  f(x)  represents  the  probability  density  function  of  the 
random  variable.  (Hoel  et  al.,  1971) 

Theorem  A.l  The  characteristic  function  of  a  random 
variable  (r.v.)  X  exists  for  every  distribution.  Moreover, 
it  uniquely  determines  the  distribution  of  the  random 
variable.  Refer  to  (Rohatgi,  1976)  for  the  statement  and 
(Widder,  1961),  and  (Curtis,  1942)  for  the  proof 

Proposition  A.1  The  characteristic  function  of  a  random 
variable  X  that  is  normally  distributed  with  mean  p  and 
variance  is 

The  proof  is  the  direct  application  of  the  definition  of  the 
characteristic  function.  (Hoel  et  al.,  1971) 

Proposition  A,2  The  characteristic  function  of  a  scaled 
random  variable  Y  =  aX  is 

The  proof  is  a  direct  application  of  the  definition  of  the 
characteristic  function. 

Proposition  A3  The  characteristic  function  of  a  random 
variable  Y^Xj  +  Xj  + ...  +  X^  is 

'i'xW 

provided  the  Xi  are  random  independent  variables.  The 
proof  again  is  a  direct  apphcation  of  the  characteristic 
function  definition  and  the  product  rule. 

Definition  A.2  A  Finite  length  Impulse  Response  (FIR) 
filter  is  an  important  class  of  linear  shift  invariant 
operations  having  the  following  form 


Y=H(z-^)X 

where  X  represents  the  input  vector,  H(z'*)  is  the  filter 
coefficient  polynomial,  and  Y  is  the  output  vector.  The 
filter  coefficient  polynomial  has  the  form 

H(z  '^)=h^+h^z  '^+...+h^z 

and  B=z  ^  is  the  back  shift  operator  defined  by 
(Brockwell  and  Davis,  1991)  as 

B%=z-%=X^_.. 

In  component  form  the  FIR  filter  satisfies  the  following 
linear  equation 

(Hayes,  1996). 

Lemma  A.1  A  sequence  of  independent  random 
variables  X^,  Xj,  ...,  X^  are  filtered  using  an  FIR  filter. 
The  output  Y  of  the  filter  has  the  following  characteristic 
function 

4^y(0”rK=0 

q-k 

The  proof  is  an  application  of  the  above  propositions. 

Definition  A.3  Quadrature  Mirror  Filters(QMF)  —  Let 
L(z  ■*)  be  some  FIR  low-pass  filter  with  real  coefficients. 
The  high  pass  mirror  filter  H(z'^)  is  defined  as  1^.=  (- 1  )^  h^ 
or  equivalently  in  the  transform  domain  as  L(z  '‘)=H(-z‘ 
*).  Hence,  the  appellation.  QMF  since  the  pole-zero 
patterns  are  reflected  about  the  imaginary  axis  of  the  z- 
plane.  (Akansu  and  Haddad,  1995) 

Definition  A.4  Perfect  Reconstruction  (PR)  -  The 
analysis  filters  for  the  QMF  have  corresponding  synthesis 
filters  which  permit  the  reconstruction  of  the  original 
signal  exactly. 

Definition  A.5  Multiresolution  Signal  Analysis  — 
Multiresolution  refers  to  the  filter  stages  applied  to  the 
input  sequence.  Compactly  supported  Wavelet  bases  can 
be  constructed  fi-om  a  multresolution  signal  analysis. 
Mallat  and  Meyer  developed  orthonormal  wavelets  of 
compact  support  which  are  FIR  PR-QMF.  (Akansu  and 
Haddad,  1995) 

Theorem  A.2  Let  Xj,  X2,  ....,  X^,  be  independently 
distribution  gaussian  random  variables  having  different 
means  and  variances.  The  resultant  vector  Y  of  a 
multiresolution  analysis  involving  compactly  supported 
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Proof 

Given 

xAn^j^oLiq) 

Recall  that  the  first  stage  of  a  wavelet  multiresolution 
analysis  involves  high  and  low  passed  filters  whose 
characteristic  functions  are 

and 

-t-.,  W=IE.o 

by  the  above  Lemma.  Using  the  definition  of  a 
characteristic  function  of  a  gaussian  distribution  from  the 
above  Propositions  gives 

and 

which  is  itself  gaussian.  At  the  mth  stage  the 
characteristic  functions  are 

-)>.  (')=rE.„<t>,.,A,.A 

and 

(0=ITt=0  JJln-J)- 

This  is  again  gaussian.  Since  the  resultant  vector  is 
composed  of  successive  gaussian  random  variables  at 
each  stage  then 


Y  at  any  stage  is  itself  gaussian.  Q.E.D. 

A  multiresolution  analysis  is  composed  of  compactly 


supported  wavelet  filters,  i.e.  FIR  PR-QMF’s.  This  type 
of  fflter  is  a  linear  operator.  In  addition,  the  construction 
is  such  that  they  are  orthonormal  if  their  synthesis  and 
analysis  filters  are  equivalent.  Therefore,  we  can 
augment  our  previous  results  by  generalizing  with 
orthonormal  matrices. 

Theorem  A.3  Y  is  multivariate  normal  under  an 
orthonormal  wavelet  transform  W  if  and  only  if  the  input 
vector  X  is  multivariate  normal. 

»  Y=>N(Wii,W'lW) 


Orthonormality  implies  the  transpose  of  W  is 
equivalent  to  the  inverse.  For  the  proof,  refer  to  (Hogg 
and  Craig,  1978)  or  (Anderson, )  which  uses  the  concepts 
of  characteristic  fimctions  as  previously  defined  with 
matrix  operations. 

ARMA  Sequence  under  the  Wavelet  Transform 

Assume  that  an  ARMA(p,q)  process  (Brockwell  and 
Davis,  1991)  given  by 

<i>A«Wf=0,(B)Z, 

can  be  rearranged  into  an  infinite  senes  which  is 
convergent  (i.e.  an  exponentially  decaying  process)  such 
as 

X,=(|>-'(S)0,(5)Z^ 

Then  the  first  stage  output  of  the  wavelet  filter  in  the  z 
domain  is 

dAz)=-[H{z  ^''^)X{z  ^''^)X{-z  ''2)]. 

2 

And,  the  nth  stage  output  of  the  filter  is 
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rf„(z)=i[//(z (z'“) 

An  approximation  to  this  can  be  developed  with  the 
assumption  of  no  aliasing  up  to  the  nth  stage  giving 


•'„(z)=z(z^’’)>Kz^  ")rE'.i  '). 

rf,(z)=Z(2»‘>(z’>(z»”)nf;,'i(z’'). 

The  spectral  density  of  this  process  can  be  estimated 
assuming  a  white  noise  input  sequence.  This  gives  the 
following  spectral  density  function 

"  271 

"  271 


If  the  output  process  is  a  white  noise  sequence  then  the 
coefficients  will  be  white  noise  as  well  by  theorem  A.2. 
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Acoustic  Characterization  of  Seagrasses  and  their  Effects  on  Mine-Hunting 

Sonars 

Elena  McCarthy 
Naval  Undersea  Warfare  Center 
Newport,  RI  02841  USA 


Abstract-  The  acoustic  characteristics  of 
submerged  aquatic  vegetation  (SAV)  were 
investigated  in  order  to  enhance  the  performance 
of  mine-hunting  and  weapon  sonars  in  littoral 
regions.  The  species  of  seagrass  initially  studied 
was  Zostera  marina.  Laboratory  measurements  of 
target  strength  and  backscatter  were  made  i  n 
controlled  conditions  in  an  acoustic  tank.  Beam 
patterns  were  also  generated.  Experimental  target 
strength  measurements  compared  well  to  the 
theoretical  target  strength.  No  frequency 
dependence  was  found  from  200-750  kHz.  In^situ 
measurements  were  carried  out  in  the  shallow 
water  eelgrass  beds  of  Narragansett  Bay  with  both 
side-scan  and  single  beam  sonars.  These 

experiments  clearly  illustrated  the  backscatter 
effects  of  submerged  aquatic  vegetation  in  the 
100-400  kHz  frequency  range. 


1.  Introduction 

The  US  Navy’s  emphasis  on  shallow  water  research  dictates  the 
need  for  improved  range  dependent  sonar  models  and  a  better 
understanding  of  bottom  interactions.  This  project  was  initiated 
after  naval  operations  in  littoral  regions  indicated  that  acoustics 
were  often  ineffective  in  finding  mines  in  part  due  to  extensive 
seagrass  [1].  Seagrass  is  known  to  adversely  affect  the  Navy’s 
ability  to  detect  mines,  thus  compromising  shallow  water  mine 
countermeasures.  In  addition  to  physically  creating  problems 
with  mine  burial  during  mine  placement,  backscatter  from 
seaweeds  and  seagrasses  creates  interference  with  sonars  and 
could  mask  the  presence  of  a  mine  during  mine-hunting.  Some 
foreign  mines  are  designed  specifically  to  exploit  this 
backscatter  effect. 

In  Tarut  Bay,  in  the  Arabian  Sea,  a  survey  of  fifty  locations 
yielded  an  estimate  of  66%  grass  cover  for  the  entire  bay;  i.e. 
175  sq.  km  of  seagrass  coverage  [2].  In  the  Gulf  of  Oman, 
Sargassum  aquifolium  ,  a  seaweed,  may  grow  to  a  length  of 
about  1.50  meters  and  produce  dense  masses  of  plants.  The 
leaves  contain  hundreds  of  tiny  air  sacs  (radii  from  0.02  to  0.17 
cm.)  and  act  as  effective  sound  scatterers;  their  air  sacs  are 


resonant  at  frequencies  of  5  to  20  kHz  at  pressures  of  2  to  5 
atmospheres  [3].  This  may  have  a  significant  effect  on  many 
mine-hunting  systems.  Additionally,  algal  fouling  can  create 
problems  for  mines  which  have  been  deployed  for  some  time 
(weeks  to  months)  as  they  plug  and  interfere  with  the  acoustic 
detonator.  This  can  damp  out  the  signals  and  make  the  mines 
ineffective  against  targets  [4]. 

A.  Previous  Work 

There  is  no  published  literature  on  the  physics  of  wave 
scattering  by  submersed  vegetation.  Overwhelmingly  the 
literature  consists  of  papers  which  investigate  acoustics  of 
marine  mammals,  plankton  or  fishes.  An  informal  study  was 
carried  out  by  the  Army  Corps  of  Engineers  which  used 
acoustics  to  determine  the  presence  of  “nuisance  species”  in 
estuaries  [5].  More  recently  a  Russian  effort  attempted  to 
develop  physical  models  for  estimation  of  scattering  [6]. 

B.  Approach 

The  Naval  Undersea  Warfare  Center  Division,  Newport,  RI 
(NAVUNSEAWARCENDIV  NEWPORT)  received  funding  in 
Fiscal  Year  1996  from  the  Deputy  Assistant  Secretary  of  the 
Navy  (Environment  and  Safety)  to  initiate  a  preliminary 
investigation  of  the  acoustic  characteristics  of  submerged 
aquatic  vegetation  for  environmental  monitoring  applications. 
The  vegetation  initially  investigated  was  Zostera  marina,  a 
well-documented  seagrass  which  was  chosen  because  it  is 
widely  studied  and  abundant  in  the  local  waters  of  Narragansett 
Bay.  Commonly  called  eelgrass,  it  is  widely  distributed  in  both 
the  northern  Pacific  and  Atlantic  Oceans.  It  extends  from  the 
intertidal  zone  to  the  subtidal,  often  in  extensive  meadows.  In 
clear  waters  it  can  be  found  in  water  depths  as  great  as  15  m, 
[7]. 

The  shallow  water  eelgrass  beds  of  Narragansett  Bay  created  an 
ideal  testbed  to  gather  experimental  data.  This  allowed  for  the 
development  of  a  methodology  which  can  then  be  applied  to 
other  areas  of  strategic  importance  such  as  the  Persian  Gulf  and 
the  Adriatic  Sea.  The  experience  gained  from  studying  eelgrass 
can  be  carried  over  to  other  types  of  submerged  aquatic 
vegetation  such  as  kelp  and  Sargassum  which  will  likely  have 
more  pronounced  acoustic  signatures. 
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C.  Physiology  ofZostera  marina 

Gas  pockets  or  tubes  called  lacunae  run  the  length  of  the  plant. 
These  lacunae  are  shown  in  Fig.  1.  Any  backscatter  created  by 
the  plant  is  primarily  a  volume-scattering  phenomena  likely 
caused  by  these  gas-filled  lacunae. 


Fig.  1.  Lateral  cross-section  of  Zostera  lacunae.  The  lacunae 
run  the  entire  length  of  each  blade. 

II.  Experimental  approach 

It  was  proposed  to  carry  out  acoustic  measurements  in 
controlled  conditions  in  the  laboratory  to  determine  the 
fundamental  acoustic  characteristics  of  eelgrass.  These 
experiments  were  carried  out  on  a  single  specimen  of  grass  in 
order  to  investigate  frequency  response  and  determine  resonance. 
Aggregate  testing  was  then  carried  out  in  large  tanks  of  eelgrass 
(mesocosms)  which  provided  testing  of  the  grass  as  it  is  found 
in-situ  but  still  under  controlled  conditions.  The  final 
component  of  experimentation  involved  field  testing  in 
Narragansett  Bay  using  various  sonars  in  existing  eelgrass  beds 
and  ground-truth  referencing  by  a  dive  team. 

A.  Tank  Testing 

Monostatic  target  strength  measurements  were  made  in 
controlled  conditions  in  the  acoustic  tank  at  the  Naval  Undersea 
Warfare  Center  in  Newport.  An  individual  blade  of  healthy 
Zostera  approximately  30  cm  in  length  was  suspended  in  the 
acoustic  tank  which  measures  20  meters  long  by  13  meters 
wide  by  12  meters  deep.  The  location  of  the  grass  within  the 
tank  was  accurately  measured.  Due  to  the  grass  size  and  the 
high  frequencies  being  used,  the  majority  of  the  experiments 
were  carried  out  in  the  near  field.  The  reflected  sound  from  the 
grass  was  measured  and  recorded  at  a  range  of  frequencies  from 
300-750  kHz.  The  grass  was  then  removed  and  a  calibrated 
sphere  was  then  positioned  in  the  tank  in  the  same  location  and 


its  backscatter  was  measured.  The  target  strength  of  the  eelgrass 
could  then  be  determined.  This  was  carried  out  at  a  range  of 
frequencies  in  an  attempt  to  determine  frequency  dependence. 
There  is  little  frequency  dependence  found  in  the  range  of  300- 
750  kHz.  The  average  target  strength  over  this  range  was  found 
to  be  -21  dB.  This  figure  compares  well  with  fish  of  similar 
size;  the  size  of  the  eelgrass  lacunae  can  be  compared  with  the 
similarly-sized  swim  bladders  of  these  fish.  Fig.  2  shows  the 
target  strength  of  the  eelgrass  as  a  function  of  frequency. 


Fig.  2.  Target  strength  of  eelgrass  blade  as  a  function  of 
frequency.  These  values  are  calculated  from  a  2  cycle  sample 
FFT  for  rms  value. 

Beam  pattern  at  a  fixed  frequency  was  also  plotted  during  these 
tank  tests  to  investigate  the  backscatter  intensity  from  various 
angles  of  incidence.  The  blade  of  grass  was  rotated  in  0.5 
degree  increments  over  a  12  hour  period  to  cover  200  degrees. 
There  was  a  strong  return  when  the  blade  is  insonified  on  its 
main  axis  (broadside)  and  a  sharp  drop-off  beyond  this  angle. 
When  modeled  as  a  flat  plate,  the  target  strength  values  agree 
will  with  the  experimental  values.  The  results  are  shown  in 
Fig.  3 


Fig.  3.  Beam  pattern  of  eelgrass  blade  at  400  kHz.  Each 
division  on  the  polar  plot  represents  5  dB. 


7-210 


B,  Mesocosm  Testing 

Mesocosm  testing  allowed  for  examination  of  grass  behavoir  in 
beds  as  it  is  found  in-situ.  The  experiments  were  carried  out  in 
the  University  of  Rhode  Island  mesocosm  tanks  which  are 
designed  to  grow  communities  of  eelgrass  for  biological  and 
ecological  experiments.  These  tanks  measure  approximately 
1.5m  square  by  1.2  meters  deep  and  contain  approximately  15 
cm  of  sediment.  The  bottom  of  each  tank  is  densely  covered  in 
Zostera.  Monostatic  measurements  were  made  in  increments  of 
50  kHz  from  200-750  kHz.  The  backscatter  measured  was 
significant.  Interestingly,  the  return  from  the  actual  blades  of 
grass  was  could  be  distinguished  from  the  the  return  from  the 
bottom  and  a  separate  return  that  may  likely  originated  from  the 
rhizomes.  As  demonstrated  earlier  in  the  acoustic  tank  tests, 
backscatter  was  again  pronounced  throughout  the  frequency 
range  but  no  clear  frequency  dependence  was  found. 

C.  lU’Situ  Testing 

1)  Single  beam  sonar:  A  single  beam  420  kHz,  6  degree 
beam  width  sonar  (Biosonics,  Inc.,  Seattle,  Washington)  was 
integrated  with  a  differential  GPS  to  yield  a  digitized  file  of 
amplitudes  as  a  function  of  latitude  and  longitude.  Figure  4 
illustrates  the  return  from  the  eelgrass  in  a  bed  at  a  depth  of 
approximately  four  meters.  The  eelgrass  can  be  clearly  seen 
growing  up  from  the  steep  slope  in  the  2-4  meter  water  depth. 


Fig.  4.  Bottom  return  and  eelgrass  bed  off  Rose  Island, 
Narragansett  Bay,  Rhode  Island.  Note  the  surface  ringing  and 
the  second  bottom  return. 


2)  Side-scan  sonar:  An  EG&G  272TD  dual  frequency 
side  scan  sonar  was  used  to  map  known  eelgrass  beds  in 
Narragansett  Bay.  The  tow  fish  was  deployed  from  a  small 
shallow  draft  coastal  vessel  and  operated  at  100  kHz.  Figure  5 
illustrates  an  image  from  the  starboard  channel  of  the  sonar. 
The  bottom  appears  quite  hard  and  well  defined  in  the  deeper 
water.  Rocks  and  distinct  features  can  be  seen  here.  The  grass 
bed  begins  to  show  in  the  4  meter  water  depth.  At  this  point, 
the  sonar  image  is  quite  fuzzy  and  the  grass  can  be  seen 
growing  up  from  the  bottom.  If  a  mine  were  locaated  in  this 
area,  it  would  be  acoustically  masked  and  perhaps  not  detected 
by  sonar.  A  dive  team  sampled  this  area  and  took  samples  from 
four  0.25  square  meter  quadrates.  Sediment  samples  showed  a 
sand  bottom  composed  primarily  of  fine  sand  (54.3  %)  in  this 
area.  In  addition  to  diver  observations,  underwater  video 
confirmed  the  presence  and  boundary  of  the  eelgrass  bed  just  as 
shown  in  this  sonar  image. 


Fig.  5.  The  starboard  trace  from  a  side-scan  sonar  showing  the 
boundary  of  an  eelgrass  bed  and  the  backscatter  it  creates. 


7-211 


IIL  Model  development 

Presently  no  model  exists  which  explains  the  acoustic  behavior 
of  submerged  aquatic  vegetation.  This  is  the  first  effort  to 
gather  experimental  data  in  support  of  model  development. 

Based  on  the  data  from  these  experimental  measurements  and 
the  fundamental  physical  acoustics,  a  model  is  under 
development  for  a  single  blade  of  Zostera  marina.  The  model 
will  be  parameterized  by  frequency,  depth,  blade  size,  and 
orientation.  An  aggregate  model  may  be  required  for  the  large 
beds  of  Zostera  found  at  sea. 

IV.  Future  work 

Additional  research  would  support  the  model  development  and 
allow  for  field  testing  with  mine-like  objects.  Additional  efforts 
are  also  required  to  measure  target  strength  and  backscatter  from 
seagrasses  at  lower  frequencies  (20  -  200  kHz).  In-situ 
experiments  should  be  carried  out  with  operational  mine¬ 
hunting  sonars  to  further  quantify  the  effect  of  the  seagrass  on 
actual  fleet  hardware. 

V.  Dual  use  applications 

Eelgrass  meadows  are  critical  to  the  health  of  their 
ecosystem;  they  provide  sanctuaries  for  many  fish,  reduce 
shoreline  erosion  by  slowing  currents,  clean  the  water  by 
filtering  nutrients  and  particles,  and  provide  food  for  crabs, 
ducks,  and  other  marine  life.  Eelgrass  beds  are  six  times 
more  productive  than  any  other  bottom  cover.  Other 
applications  of  this  research  include  tracking  seagrasses 
acoustically  to  monitor  pollution  and  help  biologists  carry 
out  distribution  and  density  studies.  Discussions  with  the 
Environmental  Protection  Agency  (EPA),  National  Oceanic 
and  Atmospheric  Administration  (NOAA),  National  Marine 
Fisheries  (NMFS),  and  Army  Corps  of  Engineers  (among 
others)  indicate  that  a  reliable,  cost-effective  method  for 
monitoring  and  locating  eelgrass  beds  in  regions  of  turbid 
water  (i.e.  Boston  Harbor)  is  required.  Conventional 
methods  involving  aerial  photography  can  be  difficult  and 
expensive  if  water  clarity  is  not  sufficient.  Physical 
techniques  for  detection  and  characterization  are  labor  and 
cost  intensive  and  provide  little  insight  into  spatial 
distribution. 

This  eelgrass  acoustics  study  has  been  identified  as  a 
Coastal  America  Program  which  integrates  the 
capabilities  of  existing  resources  with  those  of  federal, 
state  and  local  agencies  and  non-governmental  concerns. 

It  is  expected  that  the  same  technology  that  the  Navy 
develops  to  eliminate  the  "noise"  from  seagrass  during 
mine-hunting  operations  will  be  used  to  locate  and  track 
seagrass  for  environmental  projects  such  as  the  National 
Estuary  Project. 


VI.  Conclusions 

Results  from  initial  laboratory  and  in-situ  testing  have 
indicated  that  seagrass  may  adversely  affect  the  Navy’s  ability  to 
detect  mines  by  creating  backscatter  or  acoustic  interference 
with  mine-hunting  sonars.  A  more  thorough  understanding  of 
the  acoustic  properties  of  seaweeds  and  seagrasses  is  therefore 
essential  for  optimal  performance  of  mine-hunting  sonars  in 
littoral  regions. 

Research  to  date  has  provided  for  experiments  with  side-scan 
sonar  and  conventional  single  beam  sonars  which  have  clearly 
shown  the  backscatter  effects  of  submerged  aquatic  vegetation  in 
the  100  -  700  kHz  frequency  range.  No  frequency  dependence 
was  found  from  200-700  kHz  although  backscatter  is 
significant  in  this  region.  The  target  strength  measured 
approximately  -21  dB.  The  acoustic  response  of  a  single 
specimen  of  grass  was  found  to  be  largely  dependent  on 
orientation. 

It  is  hoped  that  these  measurements  will  aid  in  the 
development  of  methods  to  enhance  the  performance  of 
mine-hunting  and  weapon  sonars.  The  data  should  also 
supply  important  environmental  input  to  range-dependent 
sonar  models  and  enhance  tactical  and  environmental 
databases. 
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Abstract — Several  new  technologies  are  poised  to  rapidly 
affect  military  operations  and  DoD.  These  include:  the 
Internet,  modeling  and  simulation,  Global  Broadcast  Service, 
personal  communications  services,  unmanned  vehicles,  fully  or 
partially  remotely  operated  ships  or  planes,  and  smart 
platforms  with  reduced  manning.  1  focus  on  a  few  of  these 
technologies  in  detail.  Some  of  the  questions  addressed 
include  the  following.  What  is  the  technology  now?  How  does 
the  system(s)  differ  from  what  is  used  in  the  commercial 
world?  What  technological  limitations  must  be  overcome  for 
it  to  be  operationally  effective  in  the  near  term?  What  will  the 
technology  be  tomorrow?  What  cultural  and  doctrinal 
changes  are  needed  for  it  to  be  an  effective  DoD  system  in  the 
long  term?  These  are  just  some  of  the  important  questions 
about  emerging  technologies  which  the  analytical,  acquisition, 
and  operational  communities  are  considering. 

1.  BOTTOM  LINE 

Advanced  modeling  and  simulation  is  of  growing  utility 
for  the  military.  Potential  uses  are  for  mission  support, 
situational  awareness  displays,  rehearsal  and  replay, 
analysis,  assessment,  doctrine,  tactics,  and  training.  UUVs, 
AUVs,  and  other  new  technology  platforms  (e.g.  Arsenal 
Ship,  CVX,  SC-21,  Smart  Ship)  can  be  assessed  using 
appropriate  levels  of  simulation.  New  sensors  (sonars, 
lasers,  gradiometers)  and  systems  (mechanical  sweeps, 
influence  sweeps,  distributed  explosive  technology)  can  be 
evaluated.  The  battle  or  simulation  manager  (SM)  is  the 
flexible  piece  of  software  that  commands,  controls,  and 
displays  the  simulation  of  a  group  of  objects.  It  is  an 
environment  or  toolkit  for  analysis,  assessment,  training, 
and  wargaming.  Current  doctrine  and  tactics  can  be  tested 
and  missions  or  campaigns  planned  with  this  kind  of 
software.  The  military  platforms  (objects)  propagate  and 
interact  in  space  over  the  course  of  time.  Some  of  the 
difficulties  with  the  current  generation  of  software  can  be 
fixed  with  a  better  product  that  makes  use  of  object  oriented 
technology:  design,  programming,  databases,  and  parallel 
processing.  It  is  possible  that  such  a  product  will  be  soon 
available  since  several  next  generation  codes  are  being  built 
by  the  government,  laboratories,  academics,  and  companies. 

Advanced  modeling  and  simulation  is  but  one  part  of  a 
potential  object  oriented  infrastructure  that  could  be 
available  to  DoD  in  the  long  term.  The  Internet  and  various 


high  data  rate  transfer  methods  such  as  DBS  are  enablers 
for  this  user-centric  infrastructure. 

Direct  broadcast  satellite  (DBS:  the  consumer  market 
small  18”  dish  and  set-top  box)  has  evolved  to  a  possible 
joint  DoD  system  for  cheap  ($200  per  COTS  system)  high 
data  rate  (23  Mbps)  military  bits  (voice,  video,  data, 
imagery,  etc.)  transmission.  GBS  differs  from  DBS  in 
several  ways  because  of  military  specific  requirements.  The 
envisioned  military  operational  use  of  the  system 
nevertheless  provides  a  potential  factor  of  over  1000 
improvement  in  tactical  data  rate  capability  (10  kbps  to  23 
Mbps)  with  respect  to  current  systems.  The  impact  of  GBS 
technology  combined  with  Asynchronous  Transfer  Mode 
(high  capacity)  or  Internet  Protocol  networking  and  new 
encryption  devices  is  thus  a  topic  of  great  interest. 

In  its  simplest  form,  the  GBS  system  transmits  military 
video  to  any  desired  component  of  command:  buildings, 
ships,  the  foxhole.  More  sophisticated  GBS  systems  involve 
the  transmission  of  data  files  (ATOs,  imagery,  messages, 
etc.)  up  to  hundreds  of  MegaBytes  in  size.  Commercial 
market  factors,  JWID  95  (Joint  Warrior  Interoperability 
Demonstration),  JWID  96,  and  other  exercises/operations 
enable  considerable  insight  into  what  the  GBS  system  might 
become.  There  have  been  defined  measures  of  effectiveness 
and  extracted  a  number  of  lessons  learned  about  how  the 
current  testbed  GBS  systems  operate.  These  lessons  relate 
directly  to  what  will  be  possible  for  a  near  term  GBS  system 
(GBS  in  Bosnia  and  GBS  on  UFO  8,  9,  and  10)  and  shed 
light  on  potential  requirements  for  longer  term  systems. 

The  views  expressed  herein  are  solely  those  of  the  author 
and  should  not  be  attributed  to  any  company,  association, 
government,  or  military  agency. 

II.  DBS 

The  DBS  system  [1]  consists  of: 

•  Set-top  box 

•  18  inch  satellite  receive  dish 

•  Remote  control  unit. 

Several  vendors  offer  variants  of  the  system,  uplink  site, 
and  satellite  downlink  but  the  system  demarcation  criterion 
is  cheap  ($200  for  the  COTS  version)  high  data  rate  (23 
Mbps  or  millions  of  bits  per  second)  communications. 
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DBS  is  a  mass  market  system  with  strong  sales  [2],  Fig.  1 
gives  example  sales  figures  for  January  through  August  of 
1995.  Sales  for  this  period  averaged  54,000  units  per 
month  with  a  standard  deviation  of  16,000  units.  In  the 
first  year  of  sales,  650,000  units  were  sold,  making  this  the 
fastest  selling  new  electronic  product  ever  introduced  [2]  - 
faster  than  the  VCR  which  sold  about  250,000  units  in  its 
first  year.  The  DBS  market  is  still  quite  explosive. 
Recently,  AT&T  joined  the  Hughes  DBS  venture  on  the 
distribution  side  for  138  M$  [3]  and  MCI  bought  the  last 
license  for  DBS  at  682  M$  [4]. 


Fig.  1.  Sample  DBS  sales  in  1995. 

The  price  of  the  DBS  system  has  fallen  dramatically  over 
the  past  year,  from  the  $700-1000  price  range  to  $200-400, 
depending  on  the  supplier.  This  is  part  of  the  benefit  of 
using  an  emerging  mass  market  device:  the  cost  is  not  only 
affordable,  but  can  even  go  down. 

III.  COMMERCIAL  MARKET 

The  earth  station  market  [5,6]  has  been  fairly  stable  since 
1990  as  seen  in  Fig.  2.  There  is  about  400  M$  of  sales 
annually. 
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Fig.  2.  Earth  station  sales. 


The  number  of  direct  to  home  TV  users  (see  Fig.  3)  has 
been  rising  rapidly  and  thus  there  is  a  competition  with  the 
more  mature  cable  market  for  the  62  million  available  users 
[6].  There  are  currently  about  4.6  million  direct  to  home 
TV  users  [7].  The  cable  market  only  grows  with  a  2.5% 
CAGR,  whereas  the  newer  direct  to  home  TV  market  is 
growing  at  a  43%  rate.  As  a  reference  point,  note  that 
annual  population  growth  for  the  U.S.  tends  to  be  about 
1.0%. 
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Fig.  3.  Cable  and  direct  to  home  satellite  TV  users. 

Data  transmission  is  not  new.  Video  transmission  is 
not  new.  What  is  new  and  exciting  about  DBS  (and 
other  technologies  like  VS  AT)  is  cheap  high  data  rate 
transmission  for  the  individual  user. 

IV.  GBS  TODAY 

Early  high  level  support  has  helped  to  make  the  GBS 
system  a  potential  success  in  acquisition  reform  and 
technology  insertion.  VADM  Jerry  Tuttle  has  said:  “It’s  the 
wave  of  the  future  [8].”  VADM  Walter  Davis  has 
commented:  “We  have  tried  that  out  and  it  works  like  a 
charm  [9].” 

Navy  TENCAP  has  been  a  prime  mover  in  making  GBS  a 
reality  through  demonstrations,  exercises,  and  operational 
support  [10,11], 

The  current  GBS  system  uses  a  larger  1  meter  dish  (at 
$300  cost)  in  order  to  access  leased  transponders  from 
satellites  such  as  the  Telstar  401  and  Orion  1.  A  Sun 
workstation  with  some  peripheral  hardware  is  used  to 
process  the  data  ($20,000  cost).  Special  encryption 
equipment  is  also  required  depending  on  the  desired  level  of 
elassification.  Other  costs  include  the  leased  satellite  time 
($600-1000  per  hour)  and  special  installation  (mounting 
and  stabilization)  for  mobile  platforms  (in  excess  of  $30,000 
according  to  [12]). 
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Here  is  seen  one  of  the  potential  dangers  to  a  GBS 
program:  costs  can  quickly  escalate  (on  a  per  site  basis) 
with  the  addition  of  ATM  switches  ($50,000-100,000)  and 
special  servers  ($200,000-300,000).  One  needs  to  keep  it 
cheap  and  keep  it  simple  for  the  system  to  be  deployed 
widely. 

The  best  baseline  picture  of  the  GBS  system  today  comes 
from  its  documented  use  in  JWID  95  and  other 
demonstrations  and  exercises  [13-17].  Fig.  4  shows  the 
conceptual  architecture  for  GBS  use.  So  long  as  the  cost  of 
a  GBS  installation  is  kept  cheap,  it  can  go  to  all  platforms. 
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Fig.  4.  Conceptual  GBS  information  flow. 

The  GBS  system  transmits  one  or  more  video  channels,  a 
stream  data  channel,  an  Internet  Protocol  data  channel,  and 
an  ATM  data  channel  to  several  remote  sites. 

V.  GBS  MOPS 

In  this  paper,  we  mention  two  simple  measures  of 
performance  (MOP)  that  have  been  used  to  baseline  the 
performance  of  the  GBS  system  [16]: 

•  Number  of  files  transferred 

•  Number  of  MB  transferred. 

Many  other  issues  related  to  the  performance  of  the  GBS 
system  have  been  discussed  in  detail  elsewhere  [16]. 

VI.  GBS  IN  JWID  95,96  and  Bosnia 

The  details  of  how  the  GBS  system  performed  in  JWID  95 
and  JWID  96  can  be  found  elsewhere.  Here,  we  mainly 
note  that  only  a  small  percent  of  the  data  transmission 
capability  was  used.  GBS  provides  a  large  pipe  for  the 
militaiy  to  begin  to  fill  with  useful  information  for  the 
warfighter. 


GBS  has  been  deployed  in  Operation  Joint  Endeavor  in 
Bosnia  [18,19]  using  the  Orion  satellite  [20].  Based  on 
lessons  learned  in  JWID  95  [13-17],  the  system  is  here 
being  used  as  a  demonstration  or  prototype  to  support  the 
peacekeeping  operation. 

VII.  GBS  ON  UFO 

UFO  stands  for  the  UHF  follow-on  satellites.  The  UFO 
series  is  part  of  the  current  military  satellite 
communications  strategy  to  bring  greater  bandwidth  to  the 
warfighter  [21,22]. 

One  vision  of  the  GBS  on  UFO  system  provides  (per 
satellite): 

•  Four  transponders 

•  Three  spot  beams 

•  One  broad  beam. 

The  system  will  not  provide  full  earth  coverage,  but 
provides  an  interim  GBS  capability  for  DoD  operational 
use. 

Since  GBS  will  go  on  UFO  8,9,  and  10  in  the  1997-98 
time  frame,  total  DoD  satellite  communication  capacity 
could  increase  by  276  Mbps  beyond  the  current  baseline  of 
400  Mbps. 

VIII.  DBS  AND  GBS  FUTURE  SYSTEMS 

What  will  DBS  be  tomorrow?  What  will  GBS  be 
tomorrow?  How  many  users  will  these  systems  have  at 
home,  at  work,  and  in  the  military?  Along  with  the  video 
or  TV  market,  the  home/business/military  data  market  will 
determine  the  future  of  the  system  [23].  The  recently 
announced  $1000  and  25  lb  GBS  laptop  unit  holds  great 
promise  for  land  mobile  units  [24]  as  does  phased  array 
technology  [25]  with  its  projected  cost  of  only  $65,000  per 
platform  without  the  need  for  gyro-stabilization. 
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Several  competing  technologies  are  of  historical  interest, 
for  example  the  CD  and  LP  competition  of  the  1980’s 
[6,26]  shown  in  Fig.  5. 

Other  new  technology  competitions  are  occurring 
right  before  our  eyes:  AOL  versus  Prodigy,  digital  vs, 
film  based  cameras,  Netscape  vs.  the  MS  Network 
Explorer,  Relational  vs.  Object  Oriented  Database 
Management  Systems,  etc. 

Will  the  DBS  technology  outpace  that  of  cable  in  the 
1990’s  as  the  CD  outpaced  the  LP  in  the  1980’s?  What 
about  emerging  alternative  technologies  for  land  bases  such 
as  ADSL?  Will  GBS  become  the  routine  way  of  getting 
information  (audio,  imagery,  messages,  video,  etc.)  to  our 
troops?  There  is  no  way  to  know  for  sure. 

The  GBS  objective  system  still  requires  considerable 
definition.  One  vision  sees  this  system  as  providing  (per 
satellite): 

•  Twelve  transponders 

•  Seven  spot  beams 

•  One  broad  beam 

•  Full  earth  coverage. 

If  funded,  this  system  would  provide  276  Mbps  capacity  per 
satellite! 

IX.  MODELING  AND  SIMULATION 

The  DBS/GBS/JBS  system  was  designed  for  video  and 
has  been  adapted  for  data  transfer  use  by  commercial 
vendors  and  the  government.  Another  emerging  technology 
which  may  work  well  with  the  GBS  system  is  advanced 
modeling  and  simulation. 


Advanced  modeling  and  simulation  has  several  parts: 

•  Visualization  and  multimedia 

•  Object  oriented  technology 

•  Variable  fidelity  standard  databases  and  models 

•  Distributed  and  parallel  computing 

•  Knowledge  based  systems  (AI). 

Not  all  of  these  are  present  in  any  particular  model  or 
simulation,  but  together  these  parts  are  helping  advance 
modeling  and  simulation  for  analytic,  acquisition,  and 
operational  use  [27]. 

The  GBS  system  is  a  natural  way  to  provide  visualization, 
multimedia  products,  models,  databases,  and  software  to 
remote  sites.  This  evolving  synergy  between  C4I  and 
modeling  and  simulation  can  be  very  useful  to  the  warrior, 
perhaps  helping  to  bring  him  the  object  oriented 
infrastructure  (Fig.  6)  that  is  sorely  needed.  Easy  to  use  and 
familiar  interfaces  such  as  the  WWW  browsers  can  enable 
rapid  interaction  for  the  user  with  both  legacy  and  new 
systems. 

X.  SOFTWARE  AND  HARDWARE 

We  live  in  an  age  of  rapid  software  development  and 
rapid  hardware  evolution.  Moore’s  law  and  Joy’s  law  have 
tracked  the  growth  of  computer  chip  memory  capacity  and 
computer  processor  speed  for  decades.  The  computer  is 
now  a  throw-away  device.  Once  you  buy  it,  the  machine  is 
obsolete.  After  two  or  three  years,  you  need  to  buy  a  new 
one.  The  network  end  device  promises  to  bring  the  cost  of  a 
computer  down  to  the  few  hundred  dollar  range.  Internet 
and  WWW  growth  continue  unabated. 

One  topic  that  deserves  special  mention  is  that  of  the  Java 
programming  language  [28].  Java  was  developed  by  Sun 
initially  for  use  in  common  appliances  like  toasters.  Since 
that  market  was  not  yet  mature,  Java  was  turned  into  a  PC, 
Intranet,  and  Internet  enabler. 

Java  gives  us  the  following  tools  we  don’t  already  have: 

•  C/C++  compiler  with  graphics 

•  Network  capability 

•  Ease  of  software  use 

•  Cross  platform  capability. 

Further,  Java  is  currently  cheap:  less  than  $100  to  get  Java 
plus  an  application  development  environment  such  as 
Symantec  Cafe. 

Yes,  Java  is  not  perfect  and  some  bugs  and  security  flaws 
have  been  uncovered.  However,  PCs  and  even  the 
venerable  UNIX  box  have  flaws  too.  Surely,  you  have  seen 
an  advanced  modeling  and  simulation  computer  program 
crash  on  some  UNIX  machine  (Sun,  SGI,  whatever).  In 
time,  the  low  cost  and  high  capability  of  the  Java  Virtual 
Machine  may  produce  huge  software  savings  for  DoD  and 
other  users. 
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XI.  CONCLUSION 

GBS  is  an  excellent  example  of  an  emerging  technology 
that  DoD  is  tiying  to  leverage  for  militaty  use  [29].  It  is  a 
step  on  the  road  to  our  high  bandwidth  digital  future  [30] 
where  Gbps  (giga  or  billions  of  bits  per  second)  are  normal 
data  transfer  rates  (Fig.  7).  Advanced  modeling  and 
simulation  and  Java  are  other  good  examples. 


Fig.  7.  Information  Transfer  Evolution. 
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A  NEW  DIMENSION  IN  AMPHIBIOUS  WARFARE 


By  Dennis  M.  Verzera,  LtCol,  USMC 

Throughout  history,  there  have  been  advances  in  technology 
that  have  literally  redefined  the  conduct  of  war.  Imagine  the 
impact  on  the  battlefield  of  the  first  metal  sword  clashing  upon 
stone  and  wood  or  mounted  calvary  and  chariot  flanking  the 
infantry  of  a  less  sophisticated  opponent.  Major  technological 
breakthroughs  of  such  magnitude  are  rare.  For  the  most  part, 
technology  is  an  evolutionary  process  which  allows  us  to  go 
higher,  faster,  farther,  deeper;  or  see  and  fire  upon  the  enemy 
at  greater  distances .  Our  tendency  is  to  apply  new  technologies 
in  the  context  of  existing  tactics.  Our  capability  is  enhanced, 
but  the  manner  in  which  it  is  applied  remains  the  same. 

Occasionally,  when  we  do  apply  new  technologies 
"differently",  the  results  can  be  equally  as  spectacular  as  a 
major  technological  breakthrough.  At  the  onset  of  World  War  (WW) 
II,  German  systems  were  not  significantly  superior  to  the  French 
or  British.  While  the  Allies  used  their  systems  in  the  context 
of  WW  I  defensive  tactics,  the  German  Blitzkrieg  literally  ran 
around  and  through  them.  No  single  technological  advancement  was 
responsible  for  this  success.  The  "application"  of  assets 
resulted  in  greater  mobility,  firepower,  and  tactical  surprise. 
Landing  Craft,  Air  Cushion  (LCAC)  offers  a  similar  potential 
seaward  of  the  high  watermark. 

Often,  time  is  needed  to  "digest"  technological  innovation 
before  we  realize  how  to  maximize  the  tactical  application.  When 
the  LCAC  was  designed  as  a  rapid  waterborne  hauler  of  equipment, 
we  only  developed  a  fraction  of  its  tactical  potential.  LCAC 
provides  the  capability  to  rapidly  come  from  over  the  horizon  and 
land  on  a  broader  cross  section  of  beaches;  but,  between  well 
deck  departure  and  the  beach,  the  precepts  of  maneuver  warfare 
are  put  on  hold.  Once  we  commit  to  a  beach,  our  "waterborne" 
amphibious  tactics  are  only  marginally  different  from  those 
employed  during  WW  II. 

By  actively  employing  our  combat  systems  "onboard"  LCAC 
during  the  initial  assault,  we  can  significantly  enhance  the 
assault  force's  firepower,  mobility,  and  maneuverability.  The 

art  of  maneuver  warfare  can  now  be  applied  seamlessly  across  the 
entire  battlefield,  from  deep  water  "through"  the  beach. 
Applications  include:  direct/indirect  fire,  logistical  support, 
and  special  operations.  The  potential  is  available  in  the  near 
term  with  minimal  cost  and  without  a  significant  increase  in 
footprint . 

Two  basic  approaches  to  the  concept  have  merit . 

The  appearance  of  trade  names  in  this 
document  does  not  constitute  endorsement 
by  the  Department  of  Defense;  the  Navy;  or 
the  Coastal  Systems  Station  Dahlgren 
Division,  Naval  Surface  Warfare  Center. 
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-  Develop  LCAC  pack  out  kits  which  would  be  prestaged  and 
flown  into  the  theater  as  required.  Packouts  would  be  composed 
of  existing  LCAC  compatible  systems  configured  for  a  variety  of 
requirements;  such  as,  direct  fire,  indirect  fire,  or  logistical 
support . 


-  Directly  employ  the  Amphibious  Task  Force  (ATF)  organic 
systems  "onboard"  the  LCAC  during  the  initial  assault  or  in 
follow-on  missions  as  required. 

Both  approaches 
take  into 
consideration  the 
limited  space  aboard 
amphibious  shipping. 

Each  would  also 
allow  for  rapid 
reconfiguration  of 
the  craft  based  upon 
the  mission  and,  by 
using  existing 
systems,  would 
require  minimal 
development  time  and 
cost . 


GUN 

PACKOUT  PROTOTYPE 

The  prototype  in  figure  1  depicts  an  example  of  the  first 
approach;  a  "fly  in"  direct  fire  weapon  packout  kit.  The  weapon 
is  an  Air  Force  30mm  gatling  gun,  the  GAU  13,  self-contained  in 
the  GPU  5  pod.  The  gun  was  originally  designed  to  mount  under 
fixed  wing  aircraft  and  be  employed  in  antitank  and  close  air 
support  missions.  The  package  (weapon  system,  ammunition,  fire 
control,  and  rack)  is  housed  in  a  standard  8-  by  8-  by  20-foot 
conex  box.  Following  an  air  lift  to  the  theater  of  operations, 
the  package  would  be  rapidly  assembled  and  strapped  directly  on 
the  LCAC  or  mounted  on  a  vehicle  for  roll-on,  roll-off 
capability. 
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The  prototype 
was  built  to 
evaluate  the  GAU- 
13 's  30mra  round 
effectiveness 
against  hardened 
beach  obstacles. 

Preliminary 
results  were 
positive.  Four- 
foot  concrete 
cubes,  jersey 
barriers,  and 

hedgehogs  were  destroyed  in  a  matter  of  seconds.  However,  it  was 
readily  apparent  that  there  was  a  far  greater  potential  in 
employing  the  weapon  for  direct  fire  support  during  an  amphibious 
operation.  The  speed  and  mobility  of  the  LCAC,  coupled  with  the 
firepower  of  the  GAU  13,  are  potent  combinations.  As  a  platform, 
the  LCAC  offers  some  significant 

advantages  to  aircraft:  greater  payload,  time  on  station,  and  an 

instride  reload  capability. 


The  LCAC  could  support 
two  packout  kits  mounted 
forward  for  a  total  of  four 
30mm  guns.  An  additional 
kit  could  be  mounted 
pointing  to  the  stern  for 
protection  during  egress. 

The  weapon  racks  used  were 
MAU-12,  standard  aircraft 
wing  mounts,  which 
theoretically  implies  that 
any  weapon  system  which  can 
be  mounted  on  an  aircraft 
could  potentially  be 
employed  off  an  LCAC.  The 
system  in  figure  3  is 
configured  with  a  five  inch 
rocket  pod,  MK19,  and  M2HB 
50  cal  machine  gun.  The 

C130  gunship's  105  and  low 
recoil  155  under  development 
are  two  additional  aircraft 
potential  employment  aboard 


systems  which  merit  evaluation  for 
LCAC . 


Although  additional  testing  is  required,  the  potential  is 
obvious.  Of  more  importance  is  the  concept,  there  are  "existing" 
weapon  systems  which  can  be  employed  onboard  LCAC  that  will 
enhance  combat  capability,  and  aircraft  systems  seem  particularly 
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adaptable . 

Although  the  aircraft  systems  show  significant  potential, 
they  must  be  either  flown  in  or  occupy  critical  space  onboard 
ship.  The  second  approach  mitigates  the  problem  by  using  systems 
already  organic  to  the  ATF.  A  number  of  systems  have  potential 
application  in  a  variety  of  roles.  Ideally,  the  weapons  selected 
would  be  organic  to  the  ATF,  have  a  day/night  fire  control 
system,  and  roll  on/roll  off  capability.  They  would  be  employed 
as  a  waterborne  maneuver  element  during  the  initial  phases  of  the 
assault  and  immediately  proceed  ashore  to  continue  support  of  the 
land  battle  "through"  the  beach. 

DIRECT  FIRE 


Figure  4,  Direct  Fire 


Figure  4  depicts  a  variety  of  direct  fire  weapon  systems 
which  could  potentially  be  employed  onboard  LCAC .  Intuitively, 
the  most  unsettling  and  controversial  of  the  options  would  be 
firing  a  tank  off  an  LCAC.  The  first  impression  is  that  fire 
overpressure  at  the  muzzle  would  literally  blow  the  doors  and 
everything  else  off  the  LCAC.  However,  at  a  distance  of  11  feet, 
the  location  of  the  superstructure,  the  PSI  drops  down  to  within 
two  times  the  superstructure  design  criteria.  A  technological 
solution  appears  feasible. 

The  "initial"  question  is  not  whether  it  is  technologically 
feasible  but  whether  it  has  tactical  merit.  Does  having  a  tank's 
firepower,  seaward  of  the  high  water  mark  in  direct  support  of  an 
amphibious  operation,  enhance  capability?  If  it  does,  then  we 
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should  evaluate  this  weapon  system  and  other  potential  weapon 
systems  for  the  viability  of  employing  them  on  LCAC .  The  data 
bases  regardiiig  overpressures  and  impact  loads  are  readily 
available.  The  impact  of  saltwater  spray,  foreign  object  damage 
deck  impact  loads,  and  craft  motion  on  the  fire  control  system 
would  require  evaluation.  A  feasibility  study  is  warranted. 


Figure  5,  Indirect  Fire  Mobile  Launch  Platform 


The  LCAC  also  offers  significant  potential  as  a  platform  for 
indirect  fire  support.  Figure  5  depicts  various  potential 
applications.  The  fire  control  solutions  being  adapted  for 
Shallow  Water  Assault  Breaching  (SABRE)  and  Distributive 
Explosive  Technology  (DET)  (shallow  water  mine  breaching  systems 
under  development)  have  potential  applications  to  mortars. 

Global  Positioning  System  guided  mortar  rounds  also  offer 
capacity  to  put  rounds  on  target  from  a  moving  platform. 

Indirect  fire  capability,  on  call,  and  transversing  the  coastline 
gives  a  whole  new  meaning  to  the  "shoot  and  scoot  concept. 

LOGISTICAL  SUPPORT 

The  U.S.  Marine  Corps  Battle  Laboratory  is  currently 
investigating  the  possibility  of  employing  numerous  teams 
throughout  a  wide  theater  of  operations  with  the  intended  mission 
of  "shaping"  the  battlefield.  Getting  the  teams  into  initial 
positions  with  a  basic  load  i.s  feasibi.e.  Providing  responsive 


follow-on  logistical  support  will  pose  a  significant  challenge. 
A  seabased  Mobile  Forward  Arming  and  Refueling  Point  (MFARP) , 
working  in  conjunction  with  helicopters,  offers  the  opportunity 
to  cover  wide  areas  along  a  coastline. 


Figure  6,  Mobile  Forward  Arming  &  Refueling  Point  (MFARP) 


SURVIVABILITY 

There  is  a  natural  resistance  by  Marines  to  "giving  up"  their 
LCAC  assets  to  other  missions.  Many  of  the  arguments  are 
justifiable.  Using  LCAC  in  multimission  roles  will  detract  in 
capability  from  LCAC's  current  mission.  As  the  saying  goes, 
there  is  no  free  lunch.  We  need  to  realistically  project  losses 
in  time  and  equipment  and  evaluate  the  overall  operational 
impact.  Our  current  modeling  and  simulation  capabilities  are 
ideally  suited  to  conduct  the  required  tradeoff  analysis  and  can 
provide  a  framework  for  optimizing  the  craft's  utilization.  The 
extent  of  degradation  can  be  minimized  by  designing  in  rapid 
reconfiguration;  optimizing  when  and  how  the  craft  is  used;  and 
most  important,  enhancing  the  craft's  survivability. 

When  the  Navy  elected  to  use  LCAC  for  shallow  water  mine  and 
obstacle  breaching,  we  opened  the  door  to  placing  the  craft  in 


7-225 


harms  way.  The  LCAC  produces  signatures  susceptible  to  infrared 
and  radar  guided  threats  and  has  extremely  limited  capability  to 
take  on  fire.  If  we  intend  to  expand  the  mission  of  the  craft, 
special  consideration  must  be  given  to  analyzing  the  total  threat 
environment,  above  and  below  the  water,  and  developing  a  package 
to  enhance  survivability. 

Considerable  research  has  been  completed  regarding  the  craft 
threat  signature.  Existing  technology  can  significantly  reduce 
those  signatures,  as  well  as  harden  critical  points.  Threat 
reduction  would  be 
a  combination  of 
active  and  passive 
systems,  as  well 
as  tactics. 

Again,  many 
systems  designed 
to  enhance 
aircraft 

survivability  have 
application.  In 
addition,  those 
systems  would  not 
be  restricted  by 
the  aerodynamic 
and  weight 
limitations 
associated  with 
airframes . 

Although  we  can 
enhance 
survivability, 

employing  the  craft  in  a  threat  environment  necessitates  we 
realistically  project  losses  and  evaluate  their  impact  on  the 
overall  mission. 


Figure  7,  Total  Threat. . . . Total 
Survivability  Pack 


TACTICS 
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Figure  8,  M\ph:ibious  OFb 


Fire  and  maneuver  from  the  sea  takes  on  a  new  d.i  luorisi  on  as 
the  precepts  of  "land"  maneuver  warfare  can  .no\N?  be  extended 
seaward  of  the  high  water  mark.  The  fol. lowing  aitist's 
renditions  depict  various  tactical  application  v:)  f  1.  he  previons 
concepts.  A  significant  increase  in  firepower  can  be  brought  to 
bear  during  the  most  vulnerable  time  frames  of  an  ainphibions 
assault,  the  initial  landing.  Roll  on/roll  off  capability  of  the 
direct  and  indirect  fire  systems  affords  us  the  capability  to 
provide  continuous  fire  support  throughout  the  landing,  Irom  tin-;' 
shallow  water  through  the  beach,  alleviating  some  i,)i  out  ctjiiinii 
fire  support  shortfalls.  LCAC  based  fire  support  could  I  a?  1  1 'uw 
the  initial  assault  inland  or  maneuver  the  coast!  i  in'  anti  pii_>\'idc 
supporting  fires  at  other  landing  points  or  blocking  ['o.-di  ient. , 
MFARPs  provide  greater  latitude  in  responsive  logistical  ;.nippoj  t.  , 
The  Commander  now  has  a  seabased-f ire/logistical-maneuver 
at  his  disposal.  A  whole  new  litany  of  tactical  opt  i<'ns  tH'c.;.tiii..' 
available. 
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THE  MID  TERM 


The  "repackaging  of  existing  assets"  with  the  intent  of 
operationally  employing  them  off  LCAC  offers  an  immediate  near 
term  capability  which  will  carry  us  into  the  next  century. 
Tactically,  the  primary  limiting  factor  is  the  in-water  speed  of 
the  assault  amphibious  vehicle  (AAV) .  When  the  advanced  assault 
amphibious  vehicle  (AAAV)  comes  on  line,  the  tactical  concept 
really  begins  to  take  form.  LCAC  gunships  teamed  with  AAAVs 
provides  for  a  powerful  and  rapid  shallow  water  maneuver  force. 
MFARPs  in  trace  could  provide  the  first  logistical  resupply  on 
land  or  while  still  at  sea.  Couple  the  speed  and  range  of  the 
V22  into  the  scenario  and  our  capacity  to  project  power  into  the 
littorals  of  the  world  will  expand  exponentially.  The  new 
systems  not  only  fit  the  concept  but  significantly  enhance  the 
overall  speed,  flexibility,  and  range  of  the  "seabased  maneuver 
element . " 


"TRANSFORMERS"  -  A  CONCEPT  FOR  THE  FUTURE 

In  the  near  and  mid  term,  we  can  package  existing  systems  to 
meet  a  tactical  concept.  In  the  future,  systems  would  be 
designed  specifically  "for"  the  concept.  Oddly  enough,  we  may  be 
able  to  take  a  lesson  from  the  toy  industry.  A  few  years  back 
toy  companies  came  out  with  a  series  of  "transformer  toys."  They 
were  quite  an  ingenious  "war"  toy  that  could  be  reconfigured  into 
a  variety  of  "capabilities"  to  meet  a  young  child's  imaginary 
"tactical"  requirements.  What  started  out  as  an  aircraft  could 
with  a  couple  of  twists  be  transformed  into  a  rocket  firing  ship 
which  could  separate  into  a  tracked  futuristic  tank  which 
could. . .  It  was  an  amazing  little  toy  but  far  more  interesting 
is  the  implied  concept. 

-  Weapon  systems  could  be  operated  as  integral  part  of  a 
generic  platform  or  could  disengage  and  operate  independently. 

-  The  the  same  weapon  systems  were  designed  to  be  effective 
in  multiple  physical  environments  --  land,  air,  and  sea. 

-  Minimal  time  and  effort  were  required  to  "transform"  the 
systems  to  the  required  mission  and  the  environment. 

The  concept  has  potential  application  to  our  future  combat 
systems  and,  in  particular,  LCAC.  Future  generations  of  LCAC 
could  be  specifically  designed  as  a  multimissions  platform. 
Survivability  from  land,  air,  and  sea  threats  would  be  built  into 
the  craft.  While  our  current  ground  systems  are  simply  weight 
and  cube  until  they  come  ashore,  future  systems  could  be  designed 
to  be  equally  effective  employed  at  sea  off  LCAC  or  on  land.  The 
integration  of  the  seabased  platform  and  the  ground  weapon  system 
would  be  an  integral  part  of  the  design  of  both  systems. 
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During  transit,  the  LCAC  mounted  system  could  be  employed  on 
the  flanks  of  the  Fleet  and  provide  ASW,  antiair,  or  security 
against  highspeed  boats.  Minehunting  and  sweeping  would  proceed 
the  Fleet. 


LCAC 


MINE 

SWEEP 


FLEET 

SECURITY 


Figure  10,  Alternate  Mission 


During  amphibious  operations,  they  would  provide  indirect  and 
direct  fire  support  which  could  "immediately"  transition  ashore 
to  continue  the  land  battle.  MFARP,  Special  Operations,  and 
Riverine  Operations  would  be  ancillary  missions.  The  craft  could 
be  rapidly  configured  to  meet  the  multiple  missions. 
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. ^  .... 

Figure  11,  Amphibious  OPS 
Initial  Assault 


AMPHIBIOUS  OPS 


Landing 


Designing  ground  based  systems  to  operate  "at  sea"  would 
significantly  leverage  our  Naval  as  well  as  Marine  Corps 
capability  and  expand  both  services  tactical  options. 

CONCLUSION 

The  development  of  LCAC  represents  a  major  step  forward  in 
amphibious  capability.  However,  we  have  barely  begun  to 
capitalize  on  its  potential.  By  "packaging"  existing  systems  and 
"employing"  them  onboard  LCAC,  we  can  significantly  enhance  our 
combat  capabilities  and  broaden  our  tactical  options,  in  the  near 
term  and  without  significant  capital  outlay.  The  potential 
applications  include  direct  and  indirect  fire,  logistical 
support,  and  special  operations.  Integrating  the  capabilities 
provides  the  Commander  a  seabased  fire  and  maneuver  element  and 
the  capacity  to  apply  the  precepts  of  maneuver  warfare  throughout 
the  battlefield,  from  deep  water  seamlessly  through  the  beach. 

The  concept  has  application  today,  as  well  as  in  our  future 
development  efforts. 
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D8  Tractor  /  Israeli  Mine  Plow  (IMP) 
Mine  and  Obstacle  Clearance  Testing 


John  P.  Wetzel ' 


Abstract 

The  Israeli  Mine  Plow  (IMP)  is  a  piece 
of  mine  countermeasure  (MCM)  equipment 
developed  by  the  Israeli  government  for  the 
clearance  of  mines  and  obstacles.  The  IMP 
was  attached  to  a  D8  tractor  and  tested 
against  mines  (M20  and  VS- 1.6)  and 
hardened  obstacles  (jersey  barriers, 
tetrahedrons,  hedgehogs,  concrete  cubes, 
concertina  wire).  Testing  was  conducted  in 
sand  at  Tyndall  AFB  and  in  hard  pack  soil  at 
Ft  Rucker.  Four  assault  lanes  consisting  of 
mines/obstacles,  each  100  feet  long,  were 
set  up.  Four  wide  area  sections  consisting 
of  mines/obstacles,  each  100  feet  by  100 
feet,  were  also  set  up.  Each  of  these  four 
assault  lanes  and  four  wide  area  sections 
were  tested  in  sand  and  hard  pack  soil.  The 
IMP  performed  well  in  these  MCM 
clearance  tests.  A  summary  of  results  of  the 
IMP  testing  is  presented  in  this  paper. 

IMP  System  Description 

The  IMP  consists  of  a  19  foot  wide 
“V”-shaped  plow  with  a  set  of  1 5  inch  long 
tines  extending  down  from  the  bottom  of  the 
plow.  As  originally  configured,  the  plow 
was  attached  to  a  “C-frame”.  The  C-frame 
was  attached  to  the  D8  (or  D9)  tractor  in 


place  of  the  8S  blade  and  push  arms.  The 
C-frame  was  also  attached  to  the  tractor’s 
cylinders,  through  which  plow  depth  was 
controlled.  Pilot  lights  connected  to  tracker 
arms  on  the  front  provided  the  operator  with 
an  indication  of  plowing  depth. 

This  configuration,  however,  did  not 
allow  for  the  operator  to  control  tilt  of  the 
IMP.  To  circumvent  this,  the  attachment 
was  modified  to  incorporate  a  direct  mount 
to  the  8S  blade  of  the  D8  tractor  in  place  of 
the  C-frame.  This  modification  provided 
the  operator  with  full  tilt  and  lift  control  of 
the  IMP  through  the  standard  blade 
hydraulic  controls.  The  tracker  arms  and 
skid  shoes  were  removed  to  facilitate 
sidecasting  of  obstacles.  In  addition,  an  ^8 
inch  high  steel  mesh  fence  was  fabricated 
and  attached  to  the  top  of  the  IMP  to 
provide  additional  height  during  mine 
clearing  operations.  Figure  1  shows  the 
IMP  mounted  to  the  D8  tractor. 

With  the  12,000  pound  IMP  mounted  on 
the  front  of  the  blade,  the  center  of  gravity 
(CG)  of  the  tractor  was  moved  forward, 
which  adversely  affected  the  tractive 
performance  of  the  D8  and  control  of  IMP 
depth.  To  offset  the  CG  problem,  8,000 
pounds  of  ballast  was  mounted  to  the  ripper 
assembly  on  the  rear  of  the  tractor. 


'  IMP  Project  Chief  Engineer,  WL/FIVCF,  Tyndall  AFB,  FL  32403 


7-233 


IMP  Test  Objective 

The  purpose  of  this  test  was  to  evaluate 
the  performance  of  the  IMP  attached  to  the 
blade  of  a  Caterpillar  DSN  tractor. 
Performance  measurements  include  the 
ability  of  the  IMP  to  clear  an  assault  lane 
(25  ft  X  100  ft)  of  mines  and  obstacles,  the 
ability  of  the  IMP  to  clear  a  wide  area 
(100  ft  X  100  ft)  of  mines  and  obstacles, 
plow  depth  achieved,  and  the  time  required 
to  clear  specified  areas.  Performance  was 
measured  over  flat  terrain  in  sand  and  hard 
pack  soil  conditions. 

IMP  Test  Setup 

Test  Fields 

Two  types  of  test  fields  were  prepared 
for  the  IMP  test  program.  The  first  type  was 
the  assault  lane  test  field.  Tests  in  these 
fields  required  that  the  IMP  be  able  to  clear 
a  path  through  the  lane  in  a  single  pass  wide 
enough  for  a  follow-on  column  of  combat 
support  vehicles.  The  second  type  of  test 
filed  was  the  wide  area  clearance  field. 
Tests  in  these  fields  required  that  the  IMP 
clear  a  wide  area  (100  ft  x  100  ft),  including 
entry  and  exit  areas,  for  larger  ground 


support  operations 
and  transport  vehicles 
such  as  Landing  Craft 
Air  Cushions 

(LCACs). 

Four  assault  lanes 
were  prepared  for 
sand  (CBR  12)  and 
hard  pack  (CBR  22) 
soil.  Two  lanes 
incorporated  “Mines 
Only”,  with  one  lane 
containing  33  M20 
practice  mines,  and 
the  other  lane 
containing  33  VS -1.6 
practice  mines.  One  lane  incorporated 
“Obstacles  Only”,  with  3  Jersey  Barriers,  5 
Tetrahedrons,  8  Hedgehogs,  and  6  Concrete 
Cubes.  The  final  lane  incorporated 
“Obstacles  and  Mines”,  containing  the 
obstacles  and  24  M20  practice  mines.  A 
layout  of  the  “Obstacles  and  Mines”  assault 
lane  is  shown  in  Figure  2. 

Four  wide  area  test  fields  were  prepared 
for  sand  and  hard  pack  soil.  Two  wide  areas 
incorporated  “Mines  Only”:  one  containing 
116  M20  practice  mines;  and  the  other 
containing  40  VS-1.6  practice  mines  and  76 
wooden  simulants.  The  other  two  wide 
areas  incorporated  “Obstacles  and  Mines”: 
containing  9  Jersey  Barriers,  3  sections  of 
concertina  wire  fence,  20  Tetrahedrons,  20 
Hedgehogs,  1 4  Concrete  Cubes,  and  36  M20 
practice  mines.  A  layout  of  the  “Obstacles 
and  Mines”  wide  area  test  field  is  shown  in 
Figure  3. 

Mine  Types 

The  M20  practice  mines  and  the  VS-1.6 
inert  mines  were  the  two  types  of  mines 
used  to  evaluate  the  IMF’s  mine  clearing 
performance.  Both  mine  types  utilize 
pressure  initiation  fuze  mechanisms.  Each 
mine  is  initiated  by  different  kinds  of 
pressure  mechanisms  and  each  have 
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different  thresholds  for  pressure 
initiation.  M604  fuzes  were 
installed  into  the  M20  fuze  wells 
prior  to  each  test  to  be  able  to 
determine  if  the  M20  mine  would 
have  detonated.  The  VS-1.6 
mines  contain  a  resettable 
mechanical  firing  pin  that  was 
used  to  visually  indicate  whether 
or  not  the  mine  detonated. 

All  mines  were  uniquely 
labeled  to  determine  the  initiation 
and  casting  performance.  Due  to 
the  limited  quanitity  of  VS-1.6 
mines  available  for  this  test 
program,  wooden  simulators 
were  used  as  a  third  mine  type  in 
place  of  some  of  the  VS-1.6 
mines  for  wide  area  testing. 

For  each  test  field,  one 
quarter  of  each  mine  type  used 
was  surface-laid.  The  remaining 
three  quarters  were  buried  with 
three  inches  of  soil  overburden. 
The  distribution  of  the  VS-1.6 
mines  and  wooden  simulators 


were  selected  so  as  to 
maintain  a  uniform 
density  of  each  mine  type 
throughout  the  test  area. 
In  addition,  the 
distribution  of  the  surface 
and  buried  mines  were 
also  selected  to  maintain 
uniform  densities  over  the 
test  area. 

Obstacles 

Five  types  of  hardened 
obstacles  were  used  to  test 
the  IMP’S  clearing 
performance.  Concertina 
wire  was  also  placed  onto 
the  wide  area  as  and 
obstacle  for  these  tests. 
Table  1  lists  the  types  of 
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obstacles  used  in  this  test  and  their  physical 
properties.  All  obstacles  were  uniquely 
identified  so  that  their  initial  and  final 
positions  could  be  measured  to  determine 
the  casting/clearing  performance  of  the  IMP. 


Table  1 .  IMP  Test  Obstacles 


Obstacle  Type 

Size 

Weight 

Concrete  Cube  1 

4  ft  cube 

9000  lbs 

Concrete  Cube  2 

3.5  ft  cube 

6000  lbs 

Iron  Hedgehog 

5.5  ft  star 

525  lbs 

Steel  Tetrahedron 

4  ft  edge 

300  lbs 

Jersey  Barrier 

12  ft  long 

4800  lbs 

Concertina  Wire 
&  Engr  Stakes 

12  ft  long 

N/A 

IMP  Test  Results 


Data  for  the  sand  and  hard  pack  soil 
conditions  was  collected  for  each  of  the  tests 
outlined  above.  A  summary  of  this  data  is 
presented  in  the  following  sections.  A 
complete  detailed  Test  Report  of  the  results 
from  the  IMP  testing  is  maintained  on  file  at 
WL/FIVC. 

Assault  Lane  Testing 

No  mines  were  found  in  any  of  the 
IMP’S  cleared  path  for  the  “Mines  Only” 
tests.  One  M20  fuze  was  detonated  during 
the  clearing  process.  The  IMP  cleared  an 
average  path  14  feet  9  inches  wide,  in  an 
average  of  52  seconds.  Figure  4  shows  an 
example  of  the  IMP  casting  performance  for 
the  M20  practice  mines. 

All  the  obstacles  in  the  lane  were 
removed  from  the  IMP  cleared  path  for  the 
“Obstacles  Only”  tests.  The  IMP  cleared  an 
average  path  15  feet  2  inches  wide,  in  an 
average  of  70  seconds.  Figure  5  shows  an 


example  of  the  IMP  casting  performance  for 
obstacles. 

The  IMP  removed  all  of  the  obstacles 
and  mines  from  the  IMP  cleared  path  for  the 
“Obstacles  and  Mines”  tests.  The  IMP 
cleared  an  average  path  14  feet  10  inches 
wide,  in  an  average  of  121  seconds.  Table  2 
shows  a  summary  of  the  test  data  for  all  of 
the  assault  lane  tests. 


Table  2.  IMP  Assault  Lane  Test  Data 
Summary 


ASSAULT 

Mines- 

PilMiiiB 

Obstacles- 

Only 

Obstacles 

Mines 

Clearing 

Time 

52  sec 

70  sec 

121  sec 

Tine  Depth 

18  in 

15  in 

18  in 

Cleared 

Width 

14’  9” 

15’  2” 

14’  10” 

Mines 

Cleared 

100% 

(70of70) 

N/A 

100% 

(24  of  24) 

Fuzes 

Detonated 

1% 

(1  of  70) 

N/A 

4% 

(1  of  24) 

Obstacles 

Cleared 

N/A 

100% 

100% 

Wide  Area  Clearance  Testing 

Analysis  of  the  four  wide  area  “Mines 
Only”  test  fields  demonstrated  that  7  of  the 
total  464  mines  (2%  of  the  M20,  VS-1.6, 
and  wooden  simulants)  were  not  removed 
from  the  test  field  area  (100  ft  x  100  ft), 
including  the  entry  and  exit  areas.  Eight 
percent  of  the  fuzes  were  found  to  be 
detonated  upon  recovery.  The  location  at 
which  the  mines  detonated  was  not 
quantified  during  testing.  Therefore,  it  is 
unknown  how  many  of  these  detonatations 
would  have  been  in  the  proximity  of  the 
IMP.  Average  clearing  time  for  these  tests 
was  52  minutes.  Figure  6  shows  the  IMP 
being  used  to  clear  a  wide  area  test  field  of 
M20  practice  mines. 
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Figure  4.  IMP  Assault  Lane  M20  Mine 
Casting  Performance 
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Figure  5.  IMP  Assault  Lane  Obstacle 
Casting  Performance 
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Results  from  the  wide  area  “Obstacles 
and  Mines”  test  field  indicated  that  1  of  the 
total  144  mines  (1%  of  M20’s)  were  not 
removed  from  the  test  field  area  (100  ft  x 
100  ft),  including  the  entry  and  exit  areas. 
Twenty-one  percent  of  the  fuzes  were  found 
to  be  detonated  upon  recovery.  As  in  the 
previous  wide  area  tests,  the  location  at 
which  the  mines  detonated  was  not 
quantified  during  testing.  Average  clearing 
time  for  these  tests  was  54  minutes.  Figure 
7  shows  the  IMP  being  used  to  clear  a  wide 
area  test  field  of  obstacles  and  M20  practice 
mines.  Table  3  shows  a  summary  of  the  test 
data  for  all  of  the  wide  area  test  fields. 


Table  3.  IMP  Wide  Area  Clearance  Test 
Data  Summary 


IwmBAmA 

Mines-Only 

Obstacles  & 
Macs 

Clearing 

Time 

52  min 

54  min 

Tine  Depth 

19  in 

19  in 

Cleared 

Width 

>100  ft 

>100  ft 

Mines 

Cleared 

98% 

(453  of  464) 

99% 

(142  of  144) 

Fuzes 

Detonated 

8% 

(25  of  3 12) 

21% 

(30  of  144) 

Obstacles 

Cleared 

N/A 

100% 
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ABSTRACT 

Performance  of  existing  Mine  countermeasures 
(MCM)  underwater  acoustic  remote  sensing  sys¬ 
tems  are  limited  by  the  sonar  front  end.  De¬ 
signers  of  next  generation  systems  must  choose 
between  the  relatively  poor  performance  of  tra¬ 
ditional  real  beam  side  scan  systems  (multibeam 
included)  and  unproven  synthetic  aperture  sonar 
(SAS)  designs.  While  the  potential  of  high  res¬ 
olution  SAS  to  provide  unprecedented  detection 
and  discrimination  performance  is  clear,  the  real 
world  issues  of  residual  platform  motion  and  tem¬ 
poral/spatial  variations  in  sound  speed  (SSP) 
have  prevented  operational  deployment  of  exist¬ 
ing  designs.  These  problems  have  provided  much 
incentive  for  research  in  autofocusing  and  mo¬ 
tion  compensation  techniques  as  they  apply  to 
the  sonar  environment. 

Synap  Corporation  has  developed  a  unique 
Reduced  Wavenumber  Aperture  Synthetic  Aper¬ 
ture  (REWSA)  technology  that  is  inherently  ro¬ 
bust  to  the  effects  of  the  sonar  environment.  This 
paper  presents  a  theoretical  discussion  of  syn¬ 
thetic  aperture’s  inherent  vulnerability  to  the  ef¬ 
fects  of  the  sonar  environment  as  due  to  the  rel¬ 
atively  high  wavenumber  of  underwater  sound 
waves,  and  demonstrates  how  the  REWSA  al¬ 
gorithm  mitigates  the  problems  of  motion  com¬ 
pensation  and  temporal/spatial  SSP  variations 
by  effectively  reducing  the  wavenumber  as  seen 
by  the  system. 
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1  Sonar  in  Mine  Countermea¬ 
sure  (MCM)  applications 

The  challenge  in  designing  high  performance 
acoustic  imaging  systems  (especially  in  mine  hunt¬ 
ing  applications)  is  to  achieve  the  best  tradeoff 
among  the  mutually  exclusive  quantities  of  reso¬ 
lution  and  coverage  rate.  For  Mine  Countermea¬ 
sures  (MCM)  applications,  the  system  specifica¬ 
tion  must  be  broadened  to  include  the  detection 
or  post-processing  stage  (often  image  based)  and 
special  attention  must  be  paid  to  the  cost  of  a 
missed  detection. 

Consider  a  generic  imaging/detection  system 
(Figure  1)  whose  front  end  takes  signals  from 
a  plurality  of  sensors  and  forms  an  image,  and 
whose  back  end  involves  an  image  based  approach 
to  detect  and  discriminate  targets  from  clutter. 
For  radar  remote  sensing  applications,  synthetic 
aperture  (SAR)  techniques  have  evolved  to  where 
a  majority  of  the  physics  is  considered  in  the 
system’s  front  end  (synthetic  aperture),  and  the 
tasks  of  detection,  estimation  and  discrimination 
are  addressed  in  the  image  processing  stages.  In 
these  systems,  operator  workload  is  drastically 
reduced  by  the  fact  that  the  SAR  processing  has, 
through  increased  resolution,  distilled  out  a  ma¬ 
jority  of  the  physics  based  target  interaction  that 
would  otherwise  confound  the  image  processing 
with  signal  artifacts. 

Figure  3  shows  the  the  real  component  of 
the  baseband  returns  vs  time  and  track  for  a  set 
of  3  closely  spaced  targets;  this  is  the  input  to 
the  SAR  system.  The  constructive  and  destruc¬ 
tive  interference,  beam  pattern  modulation  and 
phase  delay  corresponding  to  the  varying  geom¬ 
etry  are  all  clearly  visible.  If,  after  SAR  pro¬ 
cessing,  any  residual  structure  in  the  underly¬ 
ing  phase  of  an  image  (such  as  would  be  gener¬ 
ated  by  a  moving  target  [Sou92])  remains,  then 
it  should  be  systematically  exploited  by  a  mod¬ 
ified  SAR  front-end.  The  subtle  nature  of  the 
data,  as  demonstrated  in  this  complex  image,  is 
a  primary  reason  that  the  final  image  (and  the 
feature  space  for  detection  and  discrimination) 


COMPLEX 

VECTOR 

DATA 


Figure  1:  generic  imaging/detection  system 


is  often  constrained  to  be  only  magnitude  data. 

For  the  MCM  application  in  the  underwater 
environment  this  discussion  has  left  out  the  all 
important  fact  that  a  robust,  operational  Syn¬ 
thetic  Aperture  Sonar  (SAS)  system  has  hereto¬ 
fore  been  infeasible.  Consider  figures  7  and  10 
where  the  image  of  a  3pt  target  is  simulated  for 
both  SAS  and  REWSA  under  3mm  and  30mm 
of  RMS  motion  respectively.  Subsequent  discus¬ 
sion  of  why  SAS  has  difficulties  in  the  sonar  en¬ 
vironment  (Section  2),  should  not  detract  from 
the  fact  that  without  a  robust  synthetic  aperture 
front  end,  image  quality  (and  clutter  discrimina¬ 
tion  and  classification  performance)  are  severely 
downgraded. 

1.0.1  The  need  for  Synthetic  Aperture  in 
MCM  applications 

Existing  MCM  detection  systems  must  em¬ 
ploy  a  real  beam  system  (as  opposed  to  SAS) 
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Figure  2:  3  pt  target  field 

500- 


echo  time 

I  I  I  I  j  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

0  100  200  300  400  500 

Figure  3:  baseband  response  vs  time  and  track 
for  3  pt  target 

whose  lower  horizontal  resolution  passes  along  a 
prohibitive  amount  of  physics-based  signal  arti¬ 
facts  such  as  the  interference  terms  of  the  various 
scatterer  centers  of  a  mine  (i.e.  Figure  3).  With¬ 
out  some  form  of  SAS  processing,  information 
that  could  have  gone  to  increasing  system  reso¬ 
lution  becomes  an  additional  source  of  modeling 
error  instead  of  a  valuable  source  of  discriminant. 

The  factors  that  prevent  the  operational  de¬ 
ployment  of  present  SAS  designs  are  extreme 
sensitivity  to  unmodeled  motion  of  the  sensor 
platform  along  with  variations  of  the  sound  speed 
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across  the  track  that  forms  the  synthesized  aper¬ 
ture.  Heretofore,  motion-compensation  and  auto- 
focusing  are  the  two  primary  ways  that  the  sonar 
community  has  tried  to  mitigate  these  affects 
[BFWW87,  ISMF85,  Joh94,  B.  93]  In  (Section 
2)  we  demonstrate  that  the  SAS  ‘‘problem”  can 
be  summarized  as  a  requirement  that  position  be 
known  to  a  small  fraction  of  a  wavelength.  An  al¬ 
ternative  technology,  the  Reduced  Wavenumber 
Synthetic  Aperture  algorithm  (REWSA)  sidesteps 
this  issue  and  will  be  discussed  shortly. 

1.1  Summary 

The  problem  of  remote  sensing  in  the  context 
of  MCM,  is  to  define  techniques  and  method¬ 
ologies  that  can  extract  the  absolute  maximum 
information  from  acoustic  signals  as  it  applies 
to  the  detection  and  discrimination  of  bottom 
clutter  and  false  targets  from  either  natural  or 
man-made  objects  on  or  near  the  seafloor  bot- 
tom(floating  or  buried).  We  believe  that  essen¬ 
tial  design  features  of  a  next  generation  MCM 
detection  and  discrimination  system  must  include: 

1.  High  resolution  synthetic  aperture  designs 
that  can  operate  robustly  in  the  underwa¬ 
ter  environment. 

2.  Robust,  accurate  modeling  of  phenomenol¬ 
ogy  unique  to  the  sonar  environment  such 
as  multipath  returns  and  relatively  high 
wavenumber  target  returns. 

3.  Tight  integration  of  the  synthetic  aperture 
processing  and  model-based  detection  stages. 

4.  Consistent,  well-defined  techniques  for  im¬ 
age  generation  and  detection  that  can  ex¬ 
ploit  advances  in  other  technology  areas. 

2  Synthetic  Aperture 

2.1  Introduction 

Herein  we  discuss  the  inherent  weaknesses 
in  existing  SAS  designs,  and  show  a  technol- 
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ogy  (REWSA)  that  circumvents  long  standing 
problems.  The  operating  principle  of  REWSA  is 
best  introduced  by  the  starting  with  wavenum¬ 
ber  synthetic  aperture  [Sou92],  a  formal  SAR 
technique  that  decomposes  a  spherical  wave  re¬ 
turn  to  a  sum  of  plane  waves  and  as  a  result  does 
not  require  an  approximation  to  the  quadratic 
phase  vs  track  position. 

2.2  “Traditional”  Synthetic  Aperture 
signal  model 

Consider  a  two-dimensional  imaging  system 
comprised  of  a  transceiver  (transmit  and  receive 
elements)  4  traversing  a  track  10  at  position 
<i  <  M.  The  system  operates  in  a  mono¬ 
static  measurement  scenario  (figure  4),  with  re- 
fiectivity  function  of  the  target  field  o(x,y)  a 
function  of  Cartesian  grid  {x^y)  (Without  loss 
of  generality,  the  mapping  between  the  3D  slant 
range  plane  and  the  2D  image  plane  is  deferred) . 
For  the  mono-static  case  (Figure  4),  the  acoustic 
paths  [transmitter/object]  16  and  [object /receiver] 
18  are  drawn  as  essentially  the  same. 


VEHK 
TRACK 
jy  domain 
is  a  subset 
of  u 
domain 


"^[kx-^ky)  is  defined  as 

'^{kx,ky)=  f  j  a{x,y)e~^'^^^e~^^^ydxdy.  (1) 

J  X  Jy 

The  target  or  object  area  is  illuminated  by  the 
transmitted  signal  and  lays  within  a  disk  of  ra¬ 
dius  Xo  centered  at  the  origin  in  the  spatial  do¬ 
main  (x,y).  The  wavenumber  of  a  wave  with 
temporal  frequency  u  traveling  in  this  medium 
is  defined  d.s  k  —  w / c.  The  transmitted  signal 
is  multi-frequency  such  as  a  FM  chirp  or  short 
duration  pulse  with  beam  pattern  12.  that  deter¬ 
mines  the  subset  of  Ui  wherein  the  target  within 
the  object  plane  is  illuminated  (ensonified). 

Received  signals  are  obtained  as  echoes  from 
the  objects  within  the  target  plane,  by  appro¬ 
priate  signal  conditioning  and  sampling  proce¬ 
dures  on  the  receive  elements.  Assuming  that 
the  additional  REWSA  data  dimension  of  u  can 
be  viewed  as  a  hidden  parameter  (this  will  be  ex¬ 
plained  in  section  2.3)  ,  then  a  REWSA  proces¬ 
sor  operates  on  the  same  raw  data  as  traditional 
SA  system  designs.  The  received  signal  (sample 
plot  in  figure  3) ,  a  sum  of  all  echoes  from  objects 
within  the  target  region  as  a  function  of  along 
track  position  u  and  echo  delay  (“fast  time”)  t  is 
defined  as: 


ansceiver  position 
@  [Xi,  Yi  -h  um] 


Transceiver  position 
@[Xi,yi+uo] 

TARGET 


s{t^u) 


// 


a{x,y)p 


2\[X,-x,Yi+u-y] 
C 


TRANSMITTER' 
ELEMENT 
@  [A'i,y’i  +  Um] 


OBJECT 

PLANE 


Figure  4:  Monostatic  SAR  (SAS)  measurement 
scenario 

The  2D  spatial  spectra  is  defined  as  position 
in  the  target  plane  with  spatial  wavenumbers 
kx^ky  and  whose  spatial  transform,  denoted  by 


(2) 

where  [0, 0]  is  the  center  of  the  target  image  plane 
(Figure  4),  and  the  differential  area  dxdy  con¬ 
tribute  reflected  energy  proportional  to  ot{x,y) 
the  target  reflectivity  function  at  target  point 
[a;,y],  delayed  by  twice  acoustic  path  between 
the  transceiver  at  [ATj,  Fi]  and  target  point.  The 
transmission  signal  p(t)  and  received  signals  s{u,  t) 
are  complex  baseband  signals. 

2.2.1  Wavenumber  Characterization  of  Lin¬ 
ear  SA 

The  temporal  Fourier  transform  (FT)  t  u 
is  computed  with  the  conventions  defined  in  the 
standard  literature  as 


dxdy 
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5(0;,  u) 


^  where  variables  ujku  are  the  along  track  oflF- 

where  the  wavenumber  k  and  spatial  vari-  set  /  wavenumber  pair,  k^  is  the  propagating 
ablesa;,y,Xi,Yi,uhavebeenpreviouslydefined.  wavelength  at  frequency  w,  x/k^  is  the  across 
The  complex  exponential  $p/  is  interpreted  track  range/ wavenumber  pair  {kx  satisfying  equa- 
as  the  spherical  wave  due  to  the  reflection  from  a  tion  5),  Xi  is  the  nominal  across  track  range  to 
point  scatterer  position  at  [x,  y]  illuminated  (en-  target,  and  Yi  is  the  along  track  offset  of  the  tar- 
sonified)  by  a  transmitter  at  [Xi,yi]  and  can  be  get.  Equation  7  is  then  inverted  to  provide  an 
restated  as  a  sum  of  plane  waves  estimate  of  (fcx,  A:„)  as 


$ 


pf 


f2k 

J-2k 


2k  \/Ak?'  —  kl 


Q-jkx  {Xi -x)+jku{Yi  +u-y) 

(4) 


where  the  relation  between  the  measurement 
wavenumbers  and  the  target  plane  wavenumbers 
is 


^{kx{uj,ku),ku)  =  S{u,ku). 

phase  function 

(8) 

A  2D  inverse  spatial  FT  can  be  applied  to 
ku)j  ku)to  yield  an  estimate  of  the  target 
plane  image  as 


kx  =  yj --  kl  ,  ky  =  ku  (5) 

and  in  order  to  simplify  the  following  presenta¬ 
tion,  we  focus  on  the  phase  functions  and  sup¬ 
press  The  amplitude  function  — ==L=.  Incorpo- 

rating  equation  4  into  equation  3  yields 
s{u,u) 


/Zk 

^-j'^kxXi+jkuYi  ^jkuu 
-2k 

J  J  dk>u 


2D  Fourier  integral 

c2k 


/ZK 

-2k 

(6) 


The  measurement  spectra  is  now  related  to 
the  target  plane  spectra  linearly.  Computing 
the  spatial  Fourier  Transform  u  ->•  feu  of  s{u,u) 
yields  the  algebraic  relation  between  the  mea¬ 
surement  spectrum  S{ku,w)  and  target  reflec¬ 
tivity  spectrum  ^(.)  as 


a{x,y)=\FT-'^[^ikx,ky)]\  (9) 

where  the  notation  [  |  is  the  absolute  value  op¬ 
erator.  This  is  the  last  step  in  a  traditional  syn¬ 
thetic  aperture  system. 


2.2.2  Operational  feasibility  of  Existing 
SA  Designs 

In  actuality,  the  transceiver  position  [Xi,yi] 
undergoes  perturbations  during  measurement  and 
is  more  accurately  describe  by  [Xi  -)-  A’i(u),yi]. 
In  this  case  s(a;,M),  as  defined  by  equation  3, 
depends  on  a  phase  function 

^-j2k^(xi+xi{u)-x)^+{yi+u-y)^  no) 


that  explicitly  varies  with  u,  and  the  correction 
for  this  factor  must  be  introduced  before  the  spa¬ 
tial  Fourier  Transform  it  ^  feu  of  s(c<;,u).  Al¬ 
though  a  full  statistical  analysis  of  a  system’s 
output  is  past  the  scope  of  the  current  paper,  the 
inherent  vulnerability  of  existing  SA  techniques 
is  clearly  seen  by  applying  the  phase  correction 
term  (with  Xi  the  track  estimate) 

g-jkxXi-jkuYi  ni) 
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to  equation  8.  This  yields  a  simple  relation  be¬ 
tween  residual  motion  error 

Ax,  =  A  ^  1  (12) 

and  the  residual  phase  error  term  .  If  we 

define  a  requirement  for  phase  coherence  as  lim¬ 
iting  the  RMS  of  the  argument  to  this  complex 
exponential  to  less  than  then  this  requires 

Ax.  <  (13) 

For  a  sonar  system  operating  at  100  KHz,  with 
wavenumber  k  ~  400,  this  translates  to  a  limit 
of 

)<  472^  ~  1"»»-  (14) 

The  severity  of  this  tight  operational  specifica¬ 
tion  is  demonstrated  in  figures  5,  6  and  7 

for  the  example  case  of  a  lOOKhz  sonar  where 
the  resultant  image  smearing  is  displayed  for  a 
transceiver  system  undergoing  3mm  (RMS)  of 
across  track  motion. 

To  mitigate  these  phase  randomizing  effects, 
motion  compensation  techniques  strive  to  mea¬ 
sure  the  absolute  position  of  the  transceiver  to 
accuracies  well  within  a  wavelength  such  that 
RMS{kx^Xi)  «  1,  while  autofocusing  tech¬ 
niques  assume  a  structure  to  the  received  signal 
to  back  out  what  the  motions  must  have  been 
[SC92].  For  sonar  applications,  both  approaches 
are  exacerbated  by  the  following: 

1.  Relatively  high  wavenumber  of  high  fre¬ 
quency  sonar. 

2.  Extremely  high  ratio  of  random  kinematic 
forces  to  inertial  forces  that  impart  uniquely 
high  motions  . 

3.  Even  if  the  transceiver  is  bolted  to  an  un¬ 
derground  rail  there  will  be  significant  phase 
noise  imposed  by  the  environmental  vari¬ 
ability  in  the  SSP  of  the  underwater  envi¬ 
ronment  . 
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Figure  5:  Synthetic  Aperture  image  formed  un¬ 
der  RMS  motion  cr^  =  0.0mm 

A  primary  feature  of  the  present  discussion 
is  that  the  residual  phase  error  embodied  within 
the  REWSA  equivalent  to  equation  8  can  be 
substantially  attenuated  by  “reducing”  the  equiv¬ 
alent  wavenumber  of  the  inversion,  hence  the 
name  “REduced  Wavenumber  Synthetic  Aper¬ 
ture”  or  REWSA. 

2.3  REWSA  Algorithm 

In  order  to  reduce  the  characteristic  horizon¬ 
tal  wavenumber  of  the  system  of  the  present  in¬ 
vention,  we  form  the  conjugate  (interferometric) 
product  of  the  spectral  and  motion  compensated 
signal  Smu}{t^u)  defined  as 

=  (15) 

to  yield  the  4D  REWSA  database  as 

r{t,  T,  U,  u)  =  Smu,{t  +  T,u  +  -T,U-v) 

(16) 

where  Smuit,  u)  is  the  inverse  FT  of  K) 

evaluated  at  offsets,  t,  a  temporal  lag  variable, 
and  u,  a  spatial  lag  variable.  Hence,  a  new  four 
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Figure  6:  Synthetic  Aperture  image  formed  un¬ 
der  RMS  motion  Ux  —  Imm 
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dimensional  data  set  r(t,  r,  u,  u)  is  formed  from 
the  two  dimensional  data  set  of  equation  2  (or 
more  accurately  its  spectral  and  motion  error 
compensated  coimterpart, equation  15).  The  tem¬ 
poral  lag  variable  t  is  readily  formed  by  selecting 
time  offsets  from  a  function  of  time  t.  Likewise, 
the  spatial  lag  variable  v  can  be  formed  through 
selection  of  a  subset  of  the  along  track  data  (item 
8  in  figure  4)  over  spatial  variable  ui  with  offset 
*<7>0  <  j  <  N,  but  can  also  be  developed  by  the 
simultaneous  reception  of  echoes  across  a  real, 
physical  aperture  whose  elements  are  placed  at 
offsets  of  Vj.  Bistatic  mode  (figure  8)  is  actually 
the  preferred  implementation,  but  herein  we  will 
only  summarize  the  “monostatic”  REWSA  due 
to  limited  space  and  a  simpler  derivation. 

Performing  an  inverse  FT  on  both  dimen¬ 
sions  of  (  equation  15)  yields 


j  j  duidau^iOx, 

(17) 
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Figure  7:  Synthetic  Aperture  image  formed  un¬ 
der  RMS  motion  =  3mm 


with  residual  position  error  Axi  =  Xi  (u) —Xi  (u) . 


r(t,T,u,i/)=  (18) 


Smuiit  +  T, «  -f  -T,U-v)  <kj2 


where  temporal  frequencies  wi  and  u)2  are  base¬ 
band  quantities,  and  the  two  horizontal  wavenum¬ 
bers  ax  and  /3x  maintain  a  realistic  dependence 
^  on  the  carrier  frequency  u)c  through 


(Xx  =  \{ 


2{ujc  -l-  wi) 


(19) 


^The  Reduced  Wavenumber  characteristic  will  be 
shown  as  due  to  the  processing,  not  the  notation. 
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A  =  (20) 

The  results  of  the  4D  Fourier  Transform  of 

r{t,T,u,u) 

FT{r{wo,  T,  u,  1/))  r{wo,  0,  ku,  ku)  (21) 


Figure  8:  Bistatic  REWSA  measurement  See-  With  some  additional  wavenumbers  defined 
nario  as  kg  =  ^  and  /c©  =  0,  the  Taylor  series  ap¬ 

proximation  for  7a;  and  Sx  is 


.  ,  ,  .  ,  kl  +  kl 

4kc  +  4kQ-  1 

8kc 

(28) 

c  A  7  ^uku 

5x^^ko  +  *  *  * 

4/cc 

(29) 

(27) 
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2.3.1  Motion  Compensation  Performance 

The  residual  phase  error  that  drives  the  mo¬ 
tion  compensation  problem  of  equation  27,  i 
is  now  reposed  as 


(30) 


and  can  be  seen  to  be  primarily  dependent  on 
kg  =  ^  and  not  kc  =  ^-  With  lOg  the  base¬ 
band  frequency  offset,  {max{LOo))  defined  as  the 
half  bandwidth  of  the  system  (BW)),  and  Ug  the 
carrier  frequency,  the  REWSA  process  has  re¬ 
duced  the  overall  system  sensitivity  to  residual 
position  error  by  a  factor  of  or  the  Q  of  the 
system.  Moreover,  Sx  only  reaches  its  maximum 
value  (and  hence  the  system’s  motion  sensitivity) 
at  the  fringes  of  {ko,ki,,ku)  domain.  Contrast 
this  with  the  horizontal  wavenumber  for  SAS  In 
equation  5 

kx  =  ^J4k^  -  kl  (31) 

Since 


_W  _'U]c  + Wo 

~  C~  C 


(32) 


kx  is  primarily  dependent  on  kg.  This  reduced 
wavenumber  characteristic  is  a  significant  im¬ 
provement  in  the  sensitivity  of  the  inversion  pro¬ 
cess  to  unmodeled  vehicle  motion  and  medium 
induced  phase  noise. 


2.3.2  Time/Frequency  Inversion  Proce¬ 
dure 


Correcting  for  the  squint  angle  phase  factor 
gjVi(fc„)  dropping  the  residual  motion  error 

notation,  we  are  left  with 
the  final  wavenumber  database 
r*  (u^oi  kj/^ 


,T,/7g  ~i~  Sx  ky  -\r  ku^  !  'ix 

^  2  ’  2  ^  ^  2 


which  takes  the  form  of  a  two  frequency  (spa¬ 
tial)  correlation  function  in  both  the  x  and  y  di¬ 
mensions  (4  total  dimensions).  In  time/frequency 


signal  theory  a  Fourier  Transform  “diamond”  can 
be  formed  from  the  Wigner,  Ambiguity,  two  time 
conation  and  two  frequency  correlation  repre- 
senfations  of  a  signal  [TreTl];  Depending  on  the 
support  of  the  data  taken,  any  one  form  can  cal¬ 
culated  from  any  other.  In  the  present  applica¬ 
tion,  the  target  reflectivity  function  a{x,y).  is 
obtained  by  derived  the  two  (time/space)  cor¬ 
relation  for  each  dimension  x  and  y  by  back- 
transforming  r'  {wo,&,ku,k^)  and  evaluated  along 
a  diagonal  (actually  a  plane  in  4D  space)  that 
yields  a  functional  equivalent  to  a{x,  y).  The  re¬ 
sults  of  this  REWSA  inversion  are  displayed  in 
Figures  9,  10  and  11.  for  the  cases  of  0,30  and 
99  mm  respectively.  Some  points  to  emphasize: 

•  The  REWSA  algorithm  maintains  a  sig¬ 
nificantly  higher  robustness  against  across 
track  motion  than  SAS;  The  case  of  figure 
10  (REWSA)  has  ten  times  the  RMS  mo¬ 
tion  of  figure  7  (SAS) .  Even  in  the  case  of 
figure  11  (REWSA)  which  has  three  hun¬ 
dred  times  the  RMS  motion  of  figure  7 
(SAS),  there  is  still  some  coherence. 

•  The  broader  across  track  resolution  was 
due  to  a  limited  frequency  domain  support. 
The  increased  dimensions  of  the  REWSA 
database  and  inversion  placed  a  premium 
on  computer  memory  that  we  will  solve 
with  increase  RAM  and  some  programming 
efiiciencies. 
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Figure  9:  REWSA  3pt  Target  Estimate  @  0.00 
m  (RMS)  motion 


Figure  11:  REWSA  3pt  Target  Estimate  @ 
0.99m  (RMS)  motion 


Figure  10:  REWSA  3pt  Target  Estimate  @ 
0.03m  (RMS)  motion 


3  Summary 

In  this  paper  we  have  discussed  the  require¬ 
ment  for  higher  performance  in  future  MCM  sys¬ 
tem  designs.  While  Synthetic  aperture  sonar 
(SAS)  techniques  can  theoretically  provide  un¬ 
precedented  detection  and  discrimination  perfor¬ 
mance  through  very  high  spatial  resolution,  the 
real  world  issues  of  residual  platform  motion  and 


temporal/spatial  variations  in  sound  speed  pro¬ 
file  (SSP)  manifest  themselves  as  multiplicative 
phase  noise  that  has  prevented  operational  de¬ 
ployment  of  existing  designs. 

The  theoretical  basis  for  SAS  is  presented 
and  it  is  shown  that  a  key  difficulty  with  existing 
SAS  designs  relates  to  the  horizontal  wavenum¬ 
ber  characteristic  to  high  frequency  systems.  A 
unique  algorithm  for  SAS,  the  Reduced  Wavenum¬ 
ber  Aperture  Synthetic  Aperture  (REWSA)  al¬ 
gorithm  is  defined  as  an  interferometric  means 
to  reduce  this  wavenumber.  The  theory  behind 
REWSA  is  summarized  and  contrasted  with  SAS, 
and  it  is  shown  how  an  inherent  robust  to  the 
effects  of  the  sonar  environment  and  vehicle  mo¬ 
tion  can,  through  processing  means,  be  achieved 
by  reducing  the  effective  horizontal  wavenumber 
of  the  system. 
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Abstract  A  multi-national  and  multi-experiment 
field  test  was  recently  conducted  that  allowed 
concurrent  mine  burial  testing  in  carbonate 
sediments,  west  of  Key  West,  FL.  These  sediments 
are  significant  in  that  these  sediments  are  similar  to 
those  found  in  areas  of  recent  naval  operations  (i.e., 
Persian  Gulf)  and  represent  the  only  mainland  source 
of  such  sediments.  The  mine  burial  test  explored  the 
feasibility  of  using  acoustic  systems,  with 
decorrelation  processing,  to  monitor  subtle  changes 
in  sediment  scour  around  bottom  targets. 
Additionally,  experiments  in  mine  impact  burial 
were  conducted.  Good  correlation  between  impact 
burial  predictions  and  field  results  were  obtained  for 
certain  target  shapes  but  atypical  shapes  were  not 
well  modeled.  Acoustic  experiments  indicated  that 
the  decorrelation  monitoring  of  scour  burial  has 
good  potential  for  subsequent  mine  burial 
experiments.  However,  there  is  a  great  need  for 
better  quantification  of  scour  measurements. 

Introduction 

The  “From  the  Sea”  naval  strategy  of 
1992  has  been  revised  to  reflect  current  thinking. 
The  so-called  “Forward  .  .  .  From  the  Sea” 
revision  stresses  littoral  warfare  but  not  at  a  cost 
to  presence  and  power  projection  roles  (i.e.,  a 
forward  presence  for  crisis  response).^  In  all 
these  roles,  naval  forces  will  be  operating  in  an 
environment  that  re-emphasizes  an  environmental 
parameter  not  typically  a  consideration  in  the 
previous  blue- water  naval  orientation.  That 
parameter,  the  seafloor,  seriously  complicates 
naval  planning  due  to  its  highly  variable  nature. 
The  seafloor  is  subject  to  changes  in  roughness, 
composition,  and  structure  -  all  varying  with 
time  and  space.  Despite  these  many 
disadvantages,  the  seafloor  does  confer  advantages 
since  it  provides  a  stable  location  for  installing 
both  sensor  systems  as  well  as  weapons  both  on 
or  within  itself  and  tends  to  mask  those  systems 
from  detection. 

With  a  emphasis  in  shallow  water, 
mines  and  Mine  Countermeasures  (MCM)  have 


been  re-emphasized.  Mines  have  often  been  an 
operational  component  of  opposing  forces  and 
those  mines  might  be  within  the  water  column, 
on  or  within  the  seafloor,  or  proud  of  the 
bottom.  Proud  mines  are  those  that  are  less 
than  25%  buried.  Beyond  25%,  mines  are 
considered  buried.^  Mines  on  the  bottom  can  be 
difficult  to  detect,  while  buried  mines  pose  a 
special  problem  to  mine  countermeasures  forces. 

This  accepted  definition  of  buried  versus 
a  proud  mine  does  not  have  an  acoustic  basis  and 
there  is  a  real  need  to  correlate  degree  of  burial 
with  acoustic  measurements  for  a  wide  variety  of 
environmental  conditions  and  in  a  controlled 
experiment.  Such  information  is  essential  for 
modeling  probability  of  mine  burial  as  well  as 
estimates  of  sonar  performance. 

In  Feburary  1995,  the  Key  West 
Campaign  was  conducted  in  waters  westward  of 
Key  West,  Florida.  This  multinational,  multi- 
experimental  trial  offered  the  opportunity  to 
conduct  two  types  of  mine  burial  experiments 
(impact  and  scour  burial)  for  which  there  was  an 
extensive  environmental  measurements  program. 
The  scope  of  the  Key  West  Campaign  has  been 
defined  elsewhere.^  The  importance  of  sediments 
off  Key  West  lie  in  their  composition.  Such 
sediments  are  the  only  source  in  contiguous 
U.S. waters  that  can  serve  as  an  analogue  for 
shallow  water,  tropical,  carbonate  sediments. 
These  sediments  are  common  in  areas  of  recent 
naval  operations  (e.g.,  the  Persian  Gulf). 

Experimental  Objectives 

The  objectives  of  the  Key  West  mine 
burial  experiment  resulted  from  a  study  of 
environmental  requirements  supporting  mine 
warfare"^  as  influenced  by  a  more  operationally- 
based  effort^  and  were,  specifically,  to 
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(1)  assess  reverberation  correlation 
statistics  against  scour  burial  depth, 

(2)  investigate  acoustic  detectability  of 
sediment  changes  as  scour  develops, 

(3)  perform  impact  burial  predictions 
and  to  compare  to  experimental  results  for  a 

variety  of  mine  shapes,  sizes, 

and  weights,  and 

(4)  define  the  methodologies  that  will 
be  used  in  subsequent  mine  burial 

experiments. 

Site  Description 

Mine  burial  testing  was  conducted  in 
waters  west  of  Key  West,  Florida  in  an  area 
known  as  the  Dry  Tortugas  test  site.  It 
comprised  a  three  by  three  mile  area  located  in 
the  southeast  channel  of  the  Fort  Jefferson 
National  Monument  protected  area.  The  mine 
burial  tests  were  conducted  at  the  Dry  Tortugas 
test  site  centered  around  position  24'"  36.7”N  and 
82”  50.7  W  (Figure  1).  This  site  was  the 
location  of  the  Applied  Physics  Laboratory: 
University  of  Washington  (APL:UW)  Benthic 
Acoustic  Measurement  System  (BAMS)  tower. 

Because  the  BAMS  site  was  the  primary 
test  area  for  the  Key  West  Campaign,  an 
extensive  sampling  program  was  instituted. 
Diver  sediment  cores  were  taken  for  photography, 
x-raying,  fine  scale  electrical  resistivity,  and 
various  sediment  parameters  (shear  strength, 
porosity,  density,  grain  size  analysis,  etc.). 
Additionally,  a  number  of  measurement  systems 
employing  in-situ  probes  were  used  for 
measurements  of  attenuation,  shear  and 
compressional  wave  velocities,  and  shear 
modulus.  Finally,  box  cores  were  taken  for 
studies  of  biogeochemical  processes  in  the  soft, 
carbonate  sediments.  Box  cores  were  subsampled 
for  microelectrode  studies  (resistivity,  pH,  Eh, 
and  oxygen),  pore  water  fluxes  for  trace  metals 
and  nutrients,  organic  carbon  and  nitrogen 
content,  sulfate  and  sulfide  concentrations, 
microfossils,  mineralogy,  sediment  microfabric, 
oxygen  and  carbon  dioxide  Buses.  These 
measurements  supported  studies  on  sediment 
structure,  efforts  independent  of  the  mine  burial 
study. 

The  test  location  was  selected  following 
a  quantitative  100  kHz  side  scan  sonar  survey  of 
the  Dry  Tortugas  test  site.  The  BAMS  tower 


site  was  located  in  an  area  of  “apparent”  low 
heterogenity,  composed  of  a  soft,  carbonate 
sediment  2  to  3  m  in  thickness.  For  mine  burial 
studies,  water  depth  (25.6  m/84  ft)  was  beyond 
that  likely  to  produce  water  current-induced  scour 
burial. 


APL:UW  tower  location  where  mine 
burial  experiments  were  conducted 

The  sediment  surface  at  the  BAMS 
tower  site  showed  many  features  without 
significant  relief  (i.e.,  height  diferences).  The 
bed  roughness  was  biogenic  in  origin  resulting 
primarily  from  shrimp  burrows  and  mounds.^*^ 
The  sediments’s  surface  was  coated  by  a  thin 
diatom  layer  easily  removed  by  currents  and/or 
diver  activity  and  the  actual  interface  was  water¬ 
like  within  the  upper  5  cm.  Typical  mounds 
were  6  to  9  cm  in  diameter  and  about  3  to  5  cm 
in  height.  Occasionally,  several  mounds 
coalesced  into  a  larger  structure  while  the 
sediment  iself  consisted  of  a  carbonate  mud 
containing  various  amounts  of  shell  detritis,  all 
of  which  showed  great  lateral  variability. 

Stereo  photographs  were  taken  and  used 
for  measurements  of  sediment  roughness. 
Results  have  been  reported  in  Jackson,  et  al.^ 
However,  scattering  strengths  at  40  kHz  were  of 
a  medium  level  and  thus  consistent  with  an 
acoustically  soft  bottom.  Moreover,  strengths 
were  patchy  with  Lambert  images  showing  both 
acoustically  “cold”  and  “hot”  spots  within  the  50 
m  scan  radius  of  the  tower.  The  site  produced  an 
intermediate  rate  of  decorrelation  between 
successive  scans  showing  a  correlation  of  0.87 
after  a  2  day  period  (a  1.0  is  perfect  correlation). 
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The  carbonate  sediment  was  extensively 
characterized.  Sediment  parameters  of  interest  to 
mine  burial  studies  are  noted  in  Table  1.  A  more 
extensive  characterization  can  be  found  in  Briggs, 
et  al^ 

For  these  mine  burial  studies,  a 
parameter  of  particular  interest  was  bottom  water 
currents.  Bottom  currents  within  the  test  area 
were  measured  with  a  Marsh-McBimey 
electromagnetic  current  meter  at  a  site  near  the 
BAMS  tower.  Measurements  were  averaged  for 
the  period  5  through  25  February  1995  and  the 
analysis  by  Wright,  et  al^  indicates  that  currents 
are  dominated  by  tides  which  accounts  for  about 
66%  of  the  total  variance.  Tides  have  both 
diurnal  and  semi-diurnal  components  in  this  area 
showing  a  predilection  for  currents  to  align  IT 
east  of  true  north.  Maximum  velocities  were 
usually  less  than  20  cm/sec  (about  0.4  kts) 
except  during  an  early  storm  at  the  test  site 
which  drove  velocities  up  to  35  cm/sec.  These 
current  velocities  are  clearly  low  and  insufficient 
to  be  a  major  contirbutor  to  mine  burial  through 
current  induced  scour. 


Table  1.  Sediment  Parameters  for  the  Mine 
Burial  site. 


SedimentParameter 

Measurement 

Sediment  shear  strength  (psi) 

0.82 

Density  (gm/cm^) 

1.66 

Wet  Bulk  Density 

1.90 

Water  Content  (%) 

39.34 

Porosity  (%) 

51.61 

Void  Ratio 

1.07 

Sand  Content  (%) 

47.16 

Silt  Content  (%) 

42.93 

Clay  Content  (%) 

9.91 

Sound  Velocity  (m/sec) 

1570.51 

Test  Targets 


Five  types  of  test  targets  were  used  for 
the  experiment.  These  represented  a  variety  of 
typical  mine  shapes  (cylindrical,  projectile,  & 
truncated  cone),  weights,  and  sizes  (Table  2). 
The  MK-36  DST  (Destructor)  is  a  MK-80  series 
aerial  bomb  modified  into  a  bottom  naval  mine. 
For  our  experiments,  the  DST  did  not  have 
retarding  fins  installed. 


Table  2.  Target  Specifications  and  types  as 
usedJ|i^Uiemine^biuial^^exgeriment^_^^^ 


Designation 

Length 

(m) 

Diameter 

(m) 

Weight 

(km) 

Orientation 

(deg) 

MK-36  DST 

1.60 

400 

240 

300 

MK-36 

1.70 

480 

500 

180 

MK-52 

2.25 

844 

542 

ND 

It  Manta 

0,49 

980 

220 

NA 

GE  Registration 

1.70 

470 

500 

270 

Impact  Burial  Tests 


General  approach:  The  general 

experimental  approach  was  to  launch  a  variety  of 
mine  targets  allowing  them  to  free-fall  through 
the  water  column  and  impact  the  bottom.  Mines 
were  examined  by  divers  for  degree  of  burial  after 
impact  as  well  as  orientation.  These  results  arc 
compared  to  predictions  of  burial  depth  made 
with  the  Coastal  System  Station/Defense 
Scientific  Establishment  Impact  Burial  Prediction 
Model,  Program  Version:  IMPACT25.^^ 

Targets  were  released  from  about  1.5  m 
above  the  water’s  surface  with  a  horizontal 
velocity  of  zero,  fell  through  the  water  column 
for  the  25.6  m  water  depth,  and  impacted  the 
sediment.  Immediately  following  launch,  the 
target  was  acquired  by  divers  and  buoyed  to  the 
water’s  surface.  Buoying  was  deemed  essential 
since  the  SCUBA  divers  had  limited  bottom  time 
and  visibility  was  generallyt  poor.  Buoys  were 
attached  to  targets  by  a  rope  harness  to  a  surface 
float. 

Diver  observations  were  made  in  the 
following  manner  every  two  days  from  the  period 
13  through  24  February:  Generally,  divers  did 
not  approach  targets  closer  than  1  to  2  meters. 
All  targets  were  approached  by  the  diver 
becoming  neutrally  buoyant  at  the  bottom  and 
then  gently  drifting  closer  to  targets  using  his 
fingertips  as  motive  power.  The  diver’s  flippers 
were  not  used  in  the  proximity  of  targets. 
Targets  were  examined  for  the  presence  of  scour 
and  impact  burial.  Dependenting  on  water 
visibility,  photography  was  also  attempted  from 
both  sides  and  ends  of  the  targets.  Additionally, 
target  orientation,  attitude,  and  burial  depth/scour 
pit  depth  were  recorded. 
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A  number  of  shortcomings  with  diver 
measurements  were  evident,  all  resulting  from  an 
inability  to  approach  the  targets.  Accuracy  in 
estimates  of  mine  burial  suffered  because  these 
measurements  were  made  using  a  hand-held  divers 
compass  while  suspended  about  3  m  above  the 
target.  Orientation  is  therefore  approximate  with 
an  estimated  error  of  +/-  5  degrees.  Estimates  of 
scour  also  suffered  since  the  diver  had  to  use  the 
target  dimensions  as  the  “ruler”  to  estimate  scour 
length,  width,  and  depth.  Similar  problems 
resulted  during  estimates  of  target  inclination. 

Impact  Burial  Predictions:  Mine 
impact  burial  predictions  were  made  using  the 
environmental  inputs  of  Table  3  coupled  with  the 
mine  specifications  of  Table  1.  The  Impact 
Burial  Prediction  Model  cycled  through  the  air, 
water,  and  sediment  phases  providing  a  time 
history  of  the  impact  process  and  yielding 
estimates  of  burial  depth  (m),  height  protruding 
(m),  area  exposed  (%),  and  volume  exposed(%).^‘ 
For  this  study,  the  concern  is  solely  burial  depth 
and  volume  exposed. 


Table  3.  Environmental  inputs  used  for 
impact  burial  predictions _ 


Water  depth : 

25.6  m 

Sediment  Inputs 

Depth 

Bearing  Strength 

Density 

(cm) 

(pa) 

(gm/m3) 

1 

16000 

1530 

3 

32000 

1540 

5 

47000 

1610 

7 

57000 

1640 

9 

59000 

1660 

11 

60000 

1670 

14 

58000 

1670 

20 

56000 

1700 

26 

57000 

1700 

31 

72000 

1700 

34 

86000 

1700 

40 

112000 

1700 

Results: 


Diver  Observations  of  Impact  Burial  with  Model 
Predictions 

Diver  observations  of  impact  burial  are 
found  in  Table  4  along  with  predictions  made 
using  the  Impact  Burial  Prediction  Model.  From 
the  table,  it  is  seen  that  the  model  tends  to 
predict  deeper  mine  burial  than  that  observed. 
Note  that  for  these  predictions,  the  model 
assumed  that  the  target  impacts  the  bottom  such 
that  its  long  axis  is  parallel  to  the  bottom,  thus 
there  is  great  area  offering  resistance  to 
penetration.  Often,  this  is  not  the  case  with 
mine  orientation  being  highly  variable  on 


contacting  the  sediment.  Thus,  there  is  a 
potentially  a  great  deal  of  variability  in  burial 
depth.  This  was  found  to  be  true  for  the  Manta, 
German  registration,  MK-36  and  MK-36(DST) 
mines.  Another  reason  for  the  difference  between 
observed  and  predicted  results  is  the  failure  of  our 
inputs  to  match  the  real  world.  For  example, 
using  a  single  measured  value  of  some  parameter 
to  represent  a  sediment  depth  interval,  across 
which  there  is  a  change. 


Table  4.  Predictions  of  impact  burial 
combined  with  diver  observations. 


Mine  Type 

Impact  Obaerrations 

Assessment 

Bwrii 

d  Prediction 

nose  fully  buried,  tail  resting 

Depth 

(cm) 

Volume  Exposec 
t%) 

sediment  covers  nose  of  mine 

14.0 

49.0 

Mk  -  36* 

lying  inclined  about  15'  to 
sediment  surface,  down  into 
sediment  about  3  to  5  cm  at 
tail,  nose  in  water  column, 
fiocullant  sediment 
surrounds  mine 

minimal 

15.7 

71.0 

Mk  .  52 

mine  lies  flat  in  an  impact  pit 
of  about  10  cm  depth 

<>20%  burial 

8.1 

9S.0 

Manta 

landed  on  its  side  about  1/4 
of  it  buried,  turned  it  right 

minimal 

15.7 

64.0 

side  up  and  it  appeared  very 
light  on  bottom 

7.5 

90.0 

Registration 

target  lying  flat  on  bottom, 
appears  to  have  landed  on 
nose  then  fell  over 

none 

16.0 

70.0 

*  This  mine  was  improperly  labeled  as  a  MK-42  mine. 


Note  that  two  values  (15.7  and  7.5  cm) 
are  recorded  for  burial  depth  using  the  Manta 
mine.  The  first  value  (15.7  cm)  results  from  a 
model  prediction  using  the  full  operational 
weight  of  the  mine.  This  depth  of  burial  was  not 
observed.  Support  divers  indicated  that  the  target 
weight  in  water  was  substantially  less  than  that 
reported.  Thus,  the  model  inputs  for  target 
weight  was  adjusted  to  one-half  of  the  reported 
operational  weight  and  the  second  value  of  mine 
burial  was  predicted  that  more  closely  approached 
that  observed.  Note  that  the  Manta  landed  on  the 
seafloor  on  its  side  which  was  totally  unexpected 
due  to  it’s  weight,  balance,  and  shape.  Because 
the  Manta  mine  free  floods  its  case  on  water 
impact,  inconsistent  flooding  is  the  more  likely 
explanation  for  the  observed  impact  orientation. 
However,  further,  more  rigoriously  controlled, 
experiments  are  necessary  with  the  atypically 
shaped  Manta  mine. 

In  general,  the  model  performed  well  for 
cylindrical  and  projectile-shaped  targets  within 
the  constraints  of  a  mandated  target  orientation  at 
the  bottom.  It  did  much  less  well  with  atypical 
shapes.  The  extremes  of  a  vertical  or  horizontal 
impact  at  the  bottom  is  a  deficiency  that  needs  to 
be  addressed,  perhaps  with  a  Monte  Carlo 
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simulation  providing  a  better,  more  realistic 
estimate  of  mine  burial  when  mine  orientation  at 
the  bottom  is  not  known. 

Scour  Burial  Tests 

General  Approach:  Following  the  impact 
burial  experiments,  targets  were  acoustically 
scanned  at  twelve  hour  intervals  using  the 
APLilJW  Benthic  Acoustic  Measurement 
Systems  (BAMS).  These  scans  were  used  (1)  to 
produce  images  showing  the  level  of  correlation 
of  40  kHz  scattering  between  successive  scans 
and  (2)  to  graph  peak  scattering  levels  found  for 
specific  targets. 

Acoustic  Measurements:  The  BAMS  tower 
is  an  autonomous,  bottom-mounted  tripod 
extending  5.3  m  above  the  seafloor  and  normally 
operates  autonomously.  However,  for  a  portion 
of  this  deployment,  BAMS  was  cabled  to  the 
waters  surface.  The  scan  geometry  and  tower 
detail  are  shown  in  Figure  2.  Although  the 
system  was  operated  at  both  40  and  300  kHz 
during  this  time  period,  only  the  40  kHz  data 
will  be  considered  here.  The  40  kHz  sonar  used  a 
linear  FM  sweep  of  2  ms  length  and  2  kHz 
sweep  width.  Acoustic  scans  were  made  twice 
hourly  from  the  period  10  through  24  February. 
Angular  resolution  at  40  kHz  was  about  5 
degrees. 


Figure  2.  Detail  of  the  BAMS  tower  and  array  with  (a) 
scan  geometry  including  resolutions  and  (b)  tower  detail 

The  Geometry  Within  the  Test  Area 

The  Lambert  scattering  parameter  image 
for  300  kHz  is  shown  in  Figure  3,  with  true 
north  vertically  upward  (12  o’clock  position). 
This  provides  the  general  geometry  within  the 
scanned  area.  The  figure  is  a  single  360  degree 


scan  of  360  pings,  10  pings  per  angular  step,  so 
that  the  locations  of  all  visible  targets  can  be 
shown.  Note  that  the  high  scattering  located 
central  in  the  image  is  due  to  sidelobe  scattering 
near  normal  incidence  from  the  ocean  air  and 
water  interface.  From  the  image,  about  one-half 
of  the  available  scan  area  was  consumed  by  the 
mine  targets  and  bottom  experiments  while  the 
remainder  was  used  for  bottom  reverberation 
measurements.  In  this  composite,  the  MK-36 
(DST)  is  labeled  as  MK-82  (MK-82  aerial 
bomb).  The  proximity  of  the  MK-36  (DST)  to 
the  MK-52  mine  caused  them  to  appear  as  a 
single  target  on  the  majority  of  scans  even  when 
those  scans  were  subjected  to  match  filtering  for 
increase  resolution. 


60 
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20 

^  0 
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Figure  3.  Lambert  image  at  300  kHz  showing 
the  target  field  geometry 

Results: 

Diver  Observations  of  Scour 

Targets  were  observed  for  scour  and  their 
observations  are  found  in  Table  5. 
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Table  5.  Diver  observations  of 


scour 


1  Scour  ObtervatLonf  ^ 

Mine  Type 

iDlUal 

2d  observation 

3d  obaervatlon 

4th  obMrvgtion 

Mk-36(DST) 

impact  pit.  nocullanl 
sediment  covers  nose  of 
mine  and  sunounds 
mine,  no  observed  scour 

slight  scouring  aft  end  of 
mine  extending  out 
about  10  cm  and  5  cm 
deep,  nose  still  covered 
by  loose,  white  sediment, 
significniit  scour  at 
harness  location 

major  scour  due  to  harness 
significant  pit  on  both  sides 
of  mine  extending  out  SO- 
60cmordl0-45cmwide 
at  mine,  about  5-8  cm  deep 

^c“o°li'r'Su^!X^e^r^r^r'’ 

deeper  and  significant.  No 
change  at  nose  of  mine,  still 
covered  by  flocullant  sediment 

Mk-42 

Ijing  inclinea  Htxiui  IS  lo 
sediment  surface,  down  into 
sediment  about  3  to  5  cm  at 
tail,  nose  In  water  column, 
nocullanl  sediment 
surrounds  mine,  no  scour 
observed 

scouring  at  harness 
location  15-55  cm  wide 
extending  out  about  30 
inches  and  1 5  cm  deep  at 
mine,  small  scour  pits 
forming  on  all  four  comers 

harness,  rc()e  trapped 
u  nder  imnc .  crab  has 

creating  a  cavity  30-35  cm 
long  and  20-25  cm  deep 

Mk-  52 

no  evidence  of  scour,  mines 
lies  nal  in  impact  pit 
sumunded  by  a  tloeculam 

ends  and  bolh  sides, 
scour  primnnlv  due  to 
harness  and  buot-  tope, 
its  about  15  cm  in  width 
extending  out  about  <15 
cm  and  6-8  cm  in  depth 

scour  resu^s  from  buoy 
rope  and  harness,  some 
scour  in  regon  of  shear 
plnte  has  removed  sedimem 
and  asliglit  pit  is 
developing 

Manta 

atypical  mn ding,  n^tea 

new  position  Seems  very 
light  and  movable  once 
friction  broken  between 
mine  and  sediment 

buov  has  dug  into 
sedi'meiit  on  one  side  and 
caused  sediment  to  push 
upon  the  opposite  side, 
crabs  and  burrowing  fish 
have  started  developing  a 
cavity,  not  yet  signilictuil 

no  chiuigc  m  nppearonce, 

thin  sediment  film, 
burrowing  an  imals  no 
longer  apparent 

Registration 

target  lying  iJat  on  bottom, 
appears  to  have  landed  on 
nose  then  fell  over,  scour  at 
nose  about  10  cm  deep 
extending  out  about  '15  cm, 
slight  scour  at  tail  on  both 
sides,  pit  Is  probably  an 
impact  pit  rather  than  scour 

S^°Sfre"n^d'^f'rne'"tS^!^* 

harness  caughi^under  ^ 

limited  to  just  under  mine 
and  small,  tore  end 
(beveled!  has  pronounced 
scour  pit  that  has 
lengthened  and  deepened 
VO  about  20-25  cm  and  15 

on  aft  eitd  has  vimally 
disappeared,  replaced  with 
cavities  from  crab  activity 
on  both  sides,  some  scour 
due  lo  the  buoy  harness 

extending  out  15  cm  but 

side  onlv,  fore  end  still  has 
a  relatively  unchanged  pit 

relatively  unchanged  from  last 
observations,  harness  denved 
scour  Is  somewhat  deeper  but 
not  changed  in  width  or 
extent,  crab  burrows  slightlv 
smaller  but  have  not  collapsed 

Acoustic  Observations  on  Scour  Burial 

Three  types  of  acoustic  data  are 
available.  The  first  (Figure  4)  consists  of  raw 
acoustic  scans  and  shows  scattering  in  the  region 
of  the  BAMS  tower. 

Figure  4(a)  is  a  gray  scale  image, 
rendered  from  the  color  original,  whose  signal 
level  has  been  processed  to  remove  spherical 
spreading  and  to  remove  dependence  on  incidence 
angle  using  a  Lambert’s  law  assumption.  This 


figure  shows  the  entire  field  of  view  of  the  APL 
tower.  The  region  surrounded  by  a  square  is  that 
where  the  mine  targets  can  be  located.  A  series 
of  eleven  images  were  produced,  one  per  day,  that 
cover  the  period  when  targets  were  in  the  water. 
Figure  4(b)  shows  detail  within  the  area  bounded 
by  the  square.  For  this  image,  the  MK-36  (DST) 
is  shown  as  is  the  MK-36  sea  mine  and  the 
reference  sphere.  At  this  time,  the  MK-52  had 
not  been  installed.  Attached  to  these  images  is  a 
color  bar  whose  extremes  are  represented  by  -19 
to  -9  dB  range  in  scattering  strength. 

Viewing  a  sequence  of  eleven  images, 
which  are  not  provided  herein,  the  following 
notable  comments  can  be  made.  First,  the  sphere 
scattering  level  changes  more  than  the  mines 
from  scan  to  scan  presumably  because  it  was 
tethered  above  the  bottom  about  2  meters  and  so 
moves  with  the  current.  Second,  the  MK-36 
scattering  level  has  a  general  rise  in  scattering 
strength  as  a  function  of  time.  Finally,  the  MK- 
36  (DST)/MK-52  combination  yields  a  fairly 
consistent  scattering  level  throughout  the  in¬ 
water  period.  This  is  true  even  when  regions  in 
the  vicinity  of  targets  are  expanded  so  that  they 
can  be  examined  in  detail  and  subject  to  match 
field  processing  to  increase  resolution. 


(a)  (b) 

Figure  4.  Gray  Scale  Image  of  Scattering  in  the  region  of  the  BAMS  tower  with  square  (a)  showing  the  region  containing 
mine  targets  and  (b)  detail  of  the  mine  containing  region. 

The  second  type  of  data  are  the  images.  Again,  a  sequence  of  images  were 

decorrelation  scans  between  successive  Lambert  produced  between  scans  twelve  hours  apart  such 
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that  the  second  scan  in  one  correlation  becomes 
the  first  scan  for  the  next  correlation.  Twenty 
color  images  were  produced  which  are  not 
included  here.  Color  images  have  been  rendered 
in  gray  scale  (Fig  5)  representing  correlation 
changes  from  1.0  to  0.5  and  four  images  are 
provided  to  graphically  illustrate  the  type  of 
information  available. 

In  Figure  5(a),  the  first  scan,  clearly 
seen  are  the  MK-52,  Manta,  and  reference  sphere. 
In  Figures  5(b),  there  is  little  change  in  the  MK- 
52  scatttering  strength;  therefore  the  target  does 
not  show  up  on  the  figure.  The  Manta  shows 
but  only  as  a  rather  indistinct  streak  which 
probably  represents  the  Manta  moving  across  the 
bottom  in  response  to  its  low  in-water  weight 
subject  to  movement  from  its  surface  buoy.  The 
reference  sphere  shows  well,  a  result  of  its  being 
deployed  above  the  bottom  and  subject  to  water 
currents. 


The  sensitivity  of  the  decorrelation 
studies  is  shown  in  Figure  5(c).  In  this  image, 
divers  have  constructed  a  mound  and  dug  a  pit  on 
the  seafloor  and  each  is  discemable  as  a  change 
between  successive  scans.  Note  that  the  MK-52 
mine  still  does  not  show  and  the  Manta  remains 
weakly  displayed.  The  reference  sphere,  in 
contrast,  demonstrates  a  relatively  strong 
scattering  strength  and  is  easily  seen 

The  next  and  final  image  shown.  Figure 
5(d),  shows  only  the  reference  sphere  and  a  weak 
indication  for  the  Manta  mine.  Neither  the  diver 
constructed  sphere,  pit,  or  MK-52  is  visible. 
Early  in  the  experiment,  divers  investigated  an 
acoustically  “hot”  and  “cold”  spot  in  order  to 
characterize  the  scanned  area.  The  acoustically 
“hot”  area  was  found  to  be  a  hole  of  biological 
origin  populated  by  finger  sponges  and  was  about 
2.5  feet  in  diameter  and  1.3  feet  in  depth  at  its 
deepest  point.  The  acoustically  cold  spot  proved 
to  be  a  layer  of  softer  sediments  about  16  inches 
in  depth  with  low  shear  strength. 
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Figure  5.  Gray  Scale  Decorrelation  Images 

The  third  data  type  consists  of  peak 
scattering  level  graphed  against  time.  The 
scattering  levels  squoted  here  were  derived  by  first 
forming  a  scattering  picture  of  the  entire  region 
around  the  tower  (50  m  radius).  Remember  that 
the  scattering  pictures  are  made  by  processing  the 
backscattered  returns  to  take  out  spherical 
spreading  and  an  assumed  Lambert’s  law 
dependence  on  grazing  angle.  The  region  in  the 
vicinity  of  each  target  was  then  further  examined 
to  determine  the  peak  scattering  strength  found  in 
the  picute  for  that  mine.  Note  that  this  process 
assumes  a  surface  scattering  process  and  the 
resulting  levels  for  the  mines  are  therefore  not 
to  be  interpreted  as  their  target  strength. 
Note  that  Figure  6(a)  is  that  for  the  MK-52 


mine,  Figure  6(b)  is  the  MK-36  sea  mine,  and 
Figure  6(c),  the  MK-36  (DST).  From  the 
figures,  it  is  clear  that  the  MK-52  and  MK-36 
(DST)  show  a  relatively  consistent  scattering 
level  throughout  the  study  period  while  the  MK- 
36  sea  mine  shows  a  slow  increase  throughout. 
This  difference  will  be  discussed  somewhat  later 
in  this  article  against  the  context  of  diver 
observations. 

Comparative  data  for  the  Manta  mine 
are  not  available  since  reverberation  values  were 
at  or  near  those  shown  by  the  seafloor. 
Additionally,  values  for  the  German  registration 
mine  are  not  available  since  this  target  was 
outside  the  BAMS  scan  range. 
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Figure  6.  Peak  Scattering  Level  as  extracted  from 
and  MK-36  (DST)  mines. 

Additional  Mechanisms  of  Scour  Burial 

Diver-derived  mine  burial  results  have  been 
presented  in  Tables  4  and  5.  What  has  not  been  mentioned 
is  the  type(s)  of  scour  produced  at  the  Dry  Tortugas  site. 

The  normal  mechanism  of  water  current-induced  scour 
leading  to  mine  burial  was  not  encountered  due  to  the  deep 
test  waters.  At  this  depth,  there  was  insufficient  energy  to 
produce  scour  at  the  bottom.  However,  two  mechanisms 


the  Lambert  Images  for  (a)  MK52,  (b)  MK36-42, 

of  scour  were  observed.  The  first  involved  a  mechanical 
scour  derived  from  the  harness  attached  at  the  mine  and 
cabled  to  the  surface  float.  This  buoying  system  produced 
scour  in  two  ways.  The  first  resulted  from  the  harness 
itself  moving  primarily  in  tidal  currents  but  subject  to 
surface  wind  waves.  Typically,  a  “U”  shaped  pit  would  be 
gouged  out  to  significant  depth  on  both  sides  near  the 
center  of  the  mine  All  these  extraneous  forces  caused  the 
harness  to  move  back  and  forth  creating  a  pit  at  mid-center 
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of  the  targets.  Depth  and  width  of  the  pit  depended  on  how 
the  mine  was  laying  on  the  bottom  as  well  as  the  surface 
winds  and  was  highly  variable. 

A  second  element  producing  mechanical  scour 
involved  the  support  cable  between  the  harness  and  surface 
float.  As  the  tide  shifts  there  is  a  time  of  zfero  net  flow 
then  the  tide  reverses  direction  and  current  increases.  For 
this  area,  tide  is  oscillatory  and  thus  the  cable  can  be 
wrapped  around  and  under  the  targets  ends.  In  some  cases, 
rope  strands  could  be  seen  incised  into  the  underlying 
sediment.  Note  that  surface  winds  play  a  part  in  the  scour 
causing  a  tension  in  the  cable  and  a  bouncing  surface  float 
that  transmits  heave  to  the  mine  at  the  bottom.  Because 
the  tide  was  both  oscillatory  and  rotary,  this  type  of  scour 
could  take  place  at  either  or  both  ends. 

A  second  mechanism  of  scour  was  biological  in 
origin.  Opportunistic  sea  life  (small  fish  and  crabs),  taking 
advantage  of  the  pits  initiated  by  mechanical  scour,  added 
additional  depth  and  breath  to  scour  by  burrowing 
extensively  below  targets.  Divers  noted  significant 
removal  of  sand/sediment  over  a  single  diver  observation 
period  due  to  a  single  individual  (crab).  It  is  believed  that 
burrowing  followed  by  collapse  could  be  a  significant 
means  of  promoting  scour  burial.  This  contributing 
mechanism  of  scour  burial  was  also  observed  during  a 
second  experiment  conducted  off  Panama  City,  FL  about 
one  month  after  this  experiment. 

As  a  final  comment,  in  studies  of  scour  burial, 
there  is  a  need  to  isolate  targets  from  mechanical  means  of 
scouring  when  observing  for  burial  by  water  currents.  For 
our  purposes,  it  was  not  critical  how  scour  developed,  only 
that  it  produced  change  detectable  by  acoustic  methods. 

Conclusions 

Clearly,  the  information  obtained  during  this 
experiment  is  inadequate  to  fully  satisfy  the  first 
experimental  objective.  This  objective,  of  assessing 
reverberation  correlation  statistics  against  scour  burial 
depth,  was  partially  satisfied  in  that  successive  acoustic 
scans  could  detect  changes  in  reverberation  (e.g.,  movement 
of  the  Manta  mine).  In  many  environmental  situations, 
such  as  this  environment,  scour  and  mine  burial  do  not 
necessarily  equate.  Thus,  a  more  sensitive  method  of 
monitoring  scour  is  required  that  focuses  on  either  volume 
of  material  removed,  area  of  disturbance,  or  perhaps  some 
combination  of  the  two.  This  experimental  objective  will 
not  be  fully  satisfied  until  additional  testing  is  performed 
using  a  more  quantatitive  method  of  assessing  scour  and 
mine  burial  simultaneously. 


Investigating  changes  in  acoustic  reverberation  as 
scour  develops,  the  second  objective,  resulted  in  some 
rather  interesting  results.  First,  apparent  movement  of  the 
Manta  mine  was  detected  using  the  decorrelation  methods. 
Possibly  what  was  detected  was  changes  in  sediment 
scattering  strength  following  Manta  mine  movement  which 
flattened  the  sediment  within  its  path.  Figures  6(a)  and6(c) 
show  a  rather  constant  value  of  scattering  strength  for  the 
Mk-52  and  MK-36  (DST)  mines.  These  targets  did  not 
appear  to  any  great  extent  within  the  decorrelation  images; 
that  is,  there  was  very  little  change  between  successive 
scans.  This  is  borne  out  by  diver  observations.  Scour  that 
did  develop  near  these  targets  developed  quickly,  usually 
within  a  tidal  cycle,  and  remained  fairly  constant  (by  visual 
observation)  throughout  the  in-water  period.  The  same 
cannot  be  said  for  the  MK-36  sea  mine.  Figure  6(b)  shows 
an  increasing  reverberation  which  complements  diver 
observations.  It  is  this  mine  that  showed  the  greatest 
variation  in  scour,  regardless  of  how  it  occurred,  during  the 
test  period.  Further  conclusions  will  require  a  better 
method  of  quantifying  scour. 

The  third  objective,  that  of  performing  impact 
burial  predictions  and  comparing  to  experimental  results, 
was  well  satisfied  for  this  sediment.  The  model  provides  a 
good  estimate  of  burial  depth  for  cylindrical  and  projectile¬ 
shaped  mines.  Atypically  shaped  mines  are  handled  less 
well.  Remember  that  the  better  burial  prediction  in  Table 
4  above  for  the  Manta  mine  is  an  adjusted  value  that 
“tricks”  the  model  into  assuming  the  mine  is  significantly 
lighter  than  the  weight  actually  tested.  The  model 
essentially  treated  the  mine  as  a  small  cylinder  with  a  large 
diameter.  When  the  full  operational  weight  of  the  Manta 
mine  is  used  for  predictions,  burial  depth  is  estimated  to  be 
twice  that  observed  with  slightly  more  than  half  of  the 
target  exposed  to  detection.  This  is  clearly  not  the  case 
from  diver  observations. 

The  objective  for  defining  the  methodologies  that 
will  be  used  in  subsequent  mine  burial  experiments  was 
exceeded.  Specifically,  the  experiment  indicated  that  there 
is  a  real  need  for  (1)  a  better  method  to  estimate  burial 
depth  and  degree  of  scour  rather  than  diver  observations  and 
(2)  greater  accuracy  when  determining  geometry  and/or 
environmental  variables  within  the  test  system  (i.e.,  a 
need  for  a  self-measuring  registration  mine). 

It  is  obvious  that  mine  burial  and  sonar  performance 
research  is  handicapped  in  that  the  environmental  and/or 
acoustic  conditions  at  the  mine  location  are  not  known 
with  any  degree  of  accuracy.  Obviously,  attempts  to  model 
mine  burial  processes  have  great  inherent  errors  when  such 
parameters  are  not  known.  Diver  measurements, 
themselves  only  a  snapshot  within  a  continual  mine  burial 
process,  are  often  unreliable  and  highly  inaccurate  (since 


7-261 


the  diver  can  not  approach  the  mine  without  disturbing  the 
burial  condition  and/or  environment).  Additional  attempts 
to  model  conditions  important  to  burial  too  often  rely  on 
environmental  measurements  taken  remote  from  the  actual 
mine  case  or  from  sensors  that  significantly  affect  the 
burial  conditions  themselves.  These  are  problems  which 
have  been  verified  by  this  experiment. 

Finally,  some  closing  comments  can  be  made  including: 

•  while  the  test  area  was  selected  for  its  apparent 
homogeneity,  in  reality  the  carbonate  sediments  were 
highly  variable.  Therefore,  should  the  opportunity  occur, 
further  experiments  in  this  type  of  sediment  at  shallower 
water  depths  impacted  by  strong  currents  should  be  done. 

•  the  in-water  time  for  the  targets  was  short 
considering  the  low  energy  situation  at  the  seafloor. 

•  experiments  done  in  conjunction  with  an 
existing  field  effort  means  that  objectives  are  structured  in 
terms  of  “what  data  can  be  obtained  that  is  meaningful” 
rather  than  “what  data  is  needed”.  Mine  burial  testing  can 
be  done  in  joint  testing,  however,  there  remains  a 
requirement  for  specific  mine  burial  testing. 

•  this  effort  has  shown  that  there  is  certainly 
potential  for  acoustically  detecting  and  monitoring  scour 
burial;  however,  follow-on  efforts  are  required. 
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Abstract-  Objects  buried  in  the  ocean  sediment 
may  be  imaged  acoustically.  Image  degradation  is 
caused  by  propagation  and  scattering  processes. 
Tbe  image  quality  is  expected  to  be  a  function  of 
burial  depth  and  grazing  angle. 

I.  INTRODUCTION 

Buried  mines  are  detectable  acoustically,  because,  in 
the  vast  majority  of  cases,  mines  are  not  deeply 
buried.  In  sands,  they  often  bury  by  scouring  to  a 
point  where  the  sand  just  covers  the  mine.  In  soft 
sediments,  they  bury  by  impact  to  a  depth 
determined  by  the  density  gradient  of  the  sediment. 
In  either  case,  the  mine  is  detectable  acoustically  by 
sonars  operating  within  the  normal  range  of  mine 
hunting  frequencies,  although  at  a  reduced  range. 
Experimental  observations  over  the  past  several 
decades  indicate  that  acoustic  energy  penetrates  into 
the  ocean  sediment.  Previous  attempts  to 
approximate  the  ocean  sediment  as  a  liquid,  or  as  a 
viscoelastic  solid  have  been  misleading.  Sedinaent 
acoustic  interactions  are  best  understood  in  the  light 
of  Biot's  theory!'']  of  acoustic  propagation  in  an 
elastic  porous  medium,  in  which  the  sediment  is 
treated  as  a  water-saturated  porous  solid.  Therefore, 
detection  is  not  an  insurmountable  problem. 

The  problem  is  in  classification.  A  mine  tethered  in 
the  water,  or  laying  on  the  seabed,  may  be  classified 
visually  or  acoustically.  Visual  classification  is  often 
preferred  because  of  the  higher  quality  images.  For 
a  buried  mine,  visual  classification  is  impossible 
because  the  sediment  is  opaque.  Acoustic 
classification  through  a  high  resolution  sonar 
icmains  the  most  viable  avenue.  Since  sound 
penetrates  the  sediment,  acoustic  classification  of  a 
buried  mine  is  possible  in  principle. 

There  are  two  main  approaches  to  acoustic 
classification.  One  approach  is  based  on  recognition 
of  resonance  signatures.  The  approach  considered 
here  is  based  on  imaging.  The  question  that  this 
paper  seeks  to  address  is  the  quality  of  the  image  of 
a  buried  mine.  It  is  reasonably  assumed  that  the 


intervening  sediment  will  have  a  detrimental  effect 
on  the  image  quality. 

The  extent  to  which  the  intervening  sediment  will 
degrade  the  acoustic  image  of  a  buried  mine  is 
unknown  at  present.  A  large  number  of  physical 
mechanisms  should  be  considered.  Dispersion  and 
signal  decorrelation  are  two  mechanisms  that  may 
cause  blurring,  but,  due  to  an  almost  total  lack  of 
experimental  information,  neither  will  be  considered 
here.  Three  mechanisms  are  considered  here.  (1) 
Ghosting:  In  transmission  from  water  into  sediment, 
more  than  one  type  of  wave  may  be  generated.  Each 
wave  type  travels  at  a  different  speed  and  is  capable 
of  producing  an  image.  The  superposition  of  images 
from  more  than  one  wave  type  may  cause  ghosting. 
(2)  Warping:  The  water-sediment  interface  is  often 
rippled,  and  the  sediment  itself  is  often 
inhomogeneous,  causing  the  acoustic  raypaths  to  be 
distorted.  Their  effect  is  to  warp  the  image.  (3) 
Fogging:  Granular  sediments,  such  as  sand,  have 
high  volume  scattering  strength.  Muddy  sediments 
may  have  high  volume  scattering  strength  due  to 
inclusions,  such  as  gas  bubbles.  The  resulting 
diffuse  scattering  generates  a  background 
reverberation,  analogous  to  fog  in  visual  images. 
The  result  is  a  degradation  of  image  quality  as  a 
function  of  burial  depth  and  grazing  angle.  The 
objective  is  to  develop  a  capability  to  quantify  these 
environmental  effects  on  acoustic  imaging. 

II.  GHOSTING 

Ghosting  may  happen  as  a  result  of  multipath 
propagation,  or  when  two  or  more  types  of  waves, 
traveling  at  different  speeds,  interact  with  the  target. 
Multipath  effects  are  well  understood  and  may  be 
avoided  in  most  cases.  The  problem  of  multiple 
wave  types  is  less  well  known.  The  ocean  sediment 
consists  of  solid  material  soaked  in  sea  water.  In 
accordance  with  Biot's  theory,  an  acoustic  wave 
impinging  on  the  water-sediment  interface  generates 
up  to  three  waves  in  the  sediment,  two 
compressional  waves  and  a  shear  wave;  the 
compressional  waves  are  usually  referred  to  as  the 
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"fast"  and  "slow"  waves.  The  three  waves  travel  at 
different  speeds. 


DEPTH  -  m 

Fig.  1 .  Acoustic  pressure  and  shear  stress  levels  as 
a  function  of  depth,  at  20  kHz  in  sand,  in  response 
to  a  OdB  incident  acoustic  plane  wave  at  grazing 
angles  (a)  40°,  (b)  30°  and  (c)  20°. 

In  soft  muddy  sediments,  one  compressional  wave 
is  dominant,  and  the  medium  may  be  approximated 
as  a  liquid;  a  sound  wave  passing  through  a  water- 
mud  interface  is  simply  refracted. 

Ghosting  is  more  likely  to  occur  in  a  sandy 
sediment,  because  it  can  support  all  three  wave 
types.  Referring  to  a  model  of  sandy  sediments  by 


Chotiros[2],  the  relative  amplitudes  of  sediment 
penetrating  fast,  slow  and  shear  waves  are 
computed  as  a  function  of  depth,  at  selected  grazing 
angles,  at  a  frequency  of  20  kHz,  as  shown  in 
Fig.  1,  to  illustrate  the  problem.  The  model  input 
parameters  are  from  the  first  column  of  Table  III  in 
reference  2;  they  represent  a  sandy  sediment  found 
off  Panama  City,  Florida.  Referring  to  Fig.  1(a),  the 
dominant  sediment  penetrating  wave,  at  a  grazing 
angle  of  40°,  is  the  fast  wave.  The  shear  wave  is  at 
least  60  dB  lower  than  the  compressional  waves  and 
it  may  be  safely  ignored.  At  depths  less  than  about 
0.15  m,  there  is  a  possibility  of  ghosting  because 
the  slow  wave  is  only  a  few  decibels  less  than  the 
fast  wave.  An  image  produced  by  the  fast  wave  may 
be  accompanied  by  a  weaker  slow  wave  image.  The 
fast  wave  image  would  arrive  earlier  than  that  of  the 
slow  wave,  producing  a  trailing  ghost  image. 
Referring  to  Fig.  1(b),  at  a  grazing  angle  of  30°,  the 
fast  and  slow  wave  amplitudes  are  almost  equal,  and 
ghosting  is  likely  at  all  depths.  At  20°,  as  shown  in 
Fig.  1(c),  the  slow  wave  is  expected  to  be  stronger 
than  the  fast  wave,  giving  a  leading  ghost  image. 

There  is  a  further  complication  because  the 
refraction  angles  of  the  fast  and  slow  waves  are  very 
different;  the  two  types  of  waves  would  strike  the 
target  at  different  angles  of  attack  and  are  unlikely  to 
be  scattered  from  the  same  target  features.  The  fast 
and  slow  wave  images  would  appear  rotated  but  by 
different  angles,  due  to  the  differences  in  refraction 
angles.  An  illustration  is  shown  in  Fig.  2,  of  a 
rather  irregularly  shaped  target,  rather  like  a  wing 
with  a  hump  running  along  its  center  line. 


_ FAST 

- SLOW 


Fig.  2.  Illustration  of  ray  paths  of  fast  and  slow 
waves  to  scattering  points  of  a  buried  target 
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In  this  illustration,  the  comer  C  is  only  visible  in  the 
slow  wave  image;  the  fast  wave  raypath  to  C  is 
blocked  by  the  hump. 

III.  WARPING 

The  water-sediment  interface  is  often  rippled  due  to 
the  action  of  water  currents  near  the  bottom.  The 
apparent  refraction  angle  of  sediment  penetrating 
sound  rays  would  be  dependent  on  the  local  slope  at 
each  point  on  the  water-sediment  interface,  as 
illustrated  in  Figs.  3  and  4,  in  the  down-  and  cross¬ 
range  planes,  respeetively.  The  resulting  image 
would  appear  warped.  The  severity  of  the  problem 
depends  on  the  magnitude  of  the  large  scale 
roughness  of  the  interface.  The  roughness  wave- 
number  spectmm  of  water-sediment  interfaces  has 
been  measured  at  a  number  of  sites  by  Briggs[3]; 
two  sites  were  chosen,  a  sandy  site  referred  to  as 
Mission  Bay  II,  and  a  muddy  site,  Arafura  Sea. 
Measurements  from  these  sites  are  used  to  estimate 
image  warping  as  an  illustration.  Let  us  consider  the 
same  target  as  in  the  previous  illustration,  imaged  at 
a  grazing  angle  of  20°. 


PLANE 

RIPPLED 


Fig.  3.  Illustration  of  warping  in  the  down-range 
direction  by  deflection  of  raypaths  due  to  ripples  in 
the  water-sediment  interface 

To  be  realistic,  it  is  also  necessary  to  postulate  a 
sonar  that,  under  ideal  conditions,  would  give 
images  of  acceptable  resolution  at  a  useful  range;  let 
us  assume,  10  cm  and  500  m,  respectively,  for 
resolution  and  range.  For  the  sake  of  argument,  let 
us  consider  a  sonar  operating  at  a  frequency  of  100 
kHz,  with  a  bandwidth  of  50  kHz,  and  a  horizontal 
aperture  of  20  m.  The  large  aperture  is  necessary  to 


achieve  the  desired  resolution  at  the  stated  range. 
How  such  a  large  aperture  is  achieved  is  outside  the 
scope  of  this  paper.  Finally,  it  is  assumed  that  the 
sound  rays  reaching  the  buried  target  enter  the 
sediment  at  a  grazing  angle  of  20°. 


Fig.  4.  Illustration  of  warping  in  the  cross-range 
direction  by  deflection  of  raypaths  due  to  ripples  in 
the  water-sediment  interface 

Using  measured  wave-number  roughness  spectrum 
as  input,  the  surface  tilt  statistics  were  eomputed 
using  methods  developed  previously  for  numerical 
computations  of  reflection  loss  from  a  rough  water 
sediment  interface  [^].  The  roughness  may  be 
divided  into  2  components,  a  small  scale  component 
which  causes  a  blurring  of  the  image  that  further 
degrades  the  resolution  of  the  sonar,  and  a  large 
scale  component  which  causes  the  warping.  The 
predicted  warp  statistics,  in  terms  of  the  root-mean- 
square  deviation  of  the  image  from  its  undisturbed 
condition,  are  shown  in  Figs.  5  and  6,  as  a  function 
of  grazing  angle,  for  targets  3  m  and  30  cm  deep,  in 
the  mud  and  sand  sediments,  respectively.  These 
burial  depths  were  chosen  to  give  a  two-way  signal 
attenuation  of  about  50  dB  at  a  grazing  angle  of  20°, 
which  is  likely  to  be  the  limit  for  buried  target 
detection  and  imaging.  In  the  muddy  sediment,  with 
a  wave  speed  of  1400  m/s,  it  is  evident  that  the 
cross  range  warp  is  the  larger  one,  and  it  is 
predicted  to  peak  near  30°.  In  Fig.  6,  the  results  for 
both  the  fast  and  slow  waves  in  sand  are  shown. 
The  fast  and  slow  wave  images  are  predicted  to  be 
dominant  above  and  below  the  critical  grazing  angle, 
respectively;  the  critical  grazing  angle  is  in  the 
region  of  30°.  For  the  fast  wave  (1700  m/s),  the 
down-range  warp  is  predicted  to  increase  rapidly  as 
the  critical  angle  is  approached.  The  slow  wave 
(1100  m/s),  which  is  dominant  below  the  critical 
angle,  is  predicted  to  produce  a  relatively 
undistorted  image. 
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GRAZING  ANGLE  -  deg. 

Fig.  5.  Estimated  image  warping  statistics  of  3  m 
deep  target  in  a  muddy  sediment  as  a  function  of 
grazing  angle. 
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GRAZING  ANGLE  -  deg. 

Fig.  6.  Estimated  image  waging  statistics  of  30  cm 
deep  target  in  a  sandy  sediment  as  a  function  of 
grazing  angle,  for  (a)  fast  and  (b)  slow  wave 
images. 


To  illustrate  the  significance  of  warping,  the 
statistics  were  used  to  realize  a  warped  image  of  a 
target  buried  3  m  deep  in  the  muddy  sediment,  as 
shown  in  Fig.  7.  The  warped  image  is  shown 
superimposed  on  the  perfect  image.  In  addition,  the 
resolvable  image,  due  to  sonar  resolution  and  the 
blurring  effect  of  small  scale  roughness,  is  shown  in 
the  background.  It  is  evident  that  the  warp  is  small 
compared  to  the  resolution  limits.  Only  the  effects 
due  to  surface  roughness  have  been  considered. 
Volume  inhomogeneities  have  not  been  considered 
because  of  a  lack  of  sufficient  data. 


PERFECT  IMAGE 
WARPED  IMAGE 
RESOLVABLE  IMAGE 


Fig.  7.  Illustration  of  image  warping  of  a  target  3m 
deep  in  a  muddy  sediment 

IV.  FOGGING 

Image  fogging  is  caused  by  diffuse  volume 
scattering  from  the  sediment.  The  mechanism  is  not 
well  understood.  There  is  some  uncertainty 
regarding  the  correct  scattering  theory,  i.e.  single  or 
multiple  scattering.  It  is  likely  that  in  soft  muddy 
sediments,  a  single-scattering  approximation  is 
appropriate  because  scattering  is  not  intrinsic  to  the 
mud,  but  mainly  caused  by  discrete  inclusions.  In 
sandy  sediments,  multiple  scattering  may  be 
appropriate  because  the  scattering  is  intrinsic  to  the 
sand  grains.  The  effect  is  akin  to  that  of  fog  in 
optical  imagery. 
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-40  -20  0 
Fig.  8.  Image  degradation  due  to  fogging  in  a  sandy 
sediment  at  depths  (a)  3  cm  and  (b)  15  cm. 

An  estimate  of  the  fogging  problem  for  a  sandy 
sediment  is  demonstrated  as  follows.  The  net  effect 
of  sediment  backscattering  is  expressible  in  terms  of 
the  bottom  backscattering  strength.  A  typical  value 
for  backscattering  strength  at  20°  may  be  estimated 
from  the  extant  database!^]  of  measured  values  at 
10°,  (BSio  =  -33  dB),  giving  BS20  =  -27  dB  at  20° 
assuming  Lambert's  rule.  The  expected  signal-to- 
backscatter  ratio  is  given  by 

SNR  =  TSa  -  2TL  -  lOlog(A)  -  BS20 
where  TSa  is  the  target  strength  of  prominent 
elements  of  the  target  within  a  sonar  resolution  cell 


of  area  A;  TL  is  the  transmission  loss.  For  this 
illustration,  a  reasonable  assumption  is  TSa  =  -20 
dB  along  the  edge  of  the  target;  from  Fig.  1(c)  2TL 
increases  with  depth  at  a  rate  of  170  dB/m.  A  is  the 
resolution  area  of  the  sonar,  assumed  to  be  10  cm 
by  10  cm.  Using  these  values,  it  is  computed  that  a 
depth  of  3  cm  gives  a  SNR  value  of  23  dB;  at  15 
cm,  the  SNR  drops  to  only  3  dB.  Assuming  a  log¬ 
normal  standard  deviation  of  5.7  dB  in  the 
backscattering  [®],  a  simulation  of  the  fogging  effect 
at  these  values  of  SNR  is  shown  in  Fig.  8.  Some 
where  between  3  and  15  cm,  the  ability  to  image  is 
lost. 

V.  CONCLUSIONS 

Of  the  physical  mechanisms  that  can  potentially 
degrade  buried  target  imaging,  three  were 
investigated:  ghosting,  w^ing  and  fogging.  From 
the  example  calculations  in  this  paper,  it  is  evident 
that  warping  is  expected  to  be  insignificant. 
Ghosting  is  not  applicable  to  soft  muddy  sediments, 
but  may  be  a  problem  in  sandy  sediments, 
depending  on  grazing  angle.  Fogging,  due  to 
backscattering  from  the  sediment,  is  expected  to  be 
the  limiting  factor.  Laboratory  experiments  are  in 
progress  to  test  these  conclusions. 
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EXECUTIVE  SUMMARY 


Theoretical  research,  controlled  laboratory  tests,  and  these  field  test  results  show 
that  nonmetallic  (and  metallic)  shallowly  buried  objects  can  be  detected  and  imaged  with 
the  Resonant  Microstrip  Patch  Antenna  (RMPA)  sensor.  The  sensor  can  be  modeled  as 
a  high  Q  cavity  which  capitalizes  on  its  resonant  condition  sensitivity  to  scattered  waves 
from  buried  objects.  When  the  RMPA  sensor  is  swept  over  a  shallowly  buried  object,  the 
RMPA  fed-point  impedance  (resistance),  measured  with  a  Maxwell  bridge,  changes  by 
tens  of  percent.  The  significant  change  in  unprocessed  impedance  data  can  be  presented 
in  two-dimensional  and  three-dimensional  graphical  displays  over  the  survey  area.  This 
forms  silhouette  images  of  the  objects  without  the  application  of  computationally  intensive 
data  processing  algorithms. 

Because  RMPA  employed  electromagnetic  waves  to  illuminate  the  shallowly  buried 
object,  a  number  of  questions  and  issues  arise  in  the  decision  to  fund  or  deny  funding  of 
the  reconfiguration  of  the  RMPA  technology  into  a  nonmetallic  (metallic)  land  mine 
detector.  Some  of  the  questions  are: 

•  Can  RMPA  images  distinguish  antipersonnel  land  mines  from  clutter? 

•  How  does  RMPA  detection  sensitivity  change  with  the  orientation  of  a  buried 
antipersonnel  land  mine? 

•  How  does  soil  type  (clay  and  magnetite  bearing)  change  the  detection 
sensitivity? 

•  What  are  RMPA’s  limitations? 

•  What  are  the  Probability  of  Detection  (P.D.)  and  False  Positive  Rates 
(F.P.R.)  along  established  lanes? 

•  What  land  mine  detection  problem  does  RMPA  address? 

and  •  Can  RMPA  technology  be  reconfigured  for  humanitarian  and  battle  field 
environments? 

To  address  these  questions  and  issues,  a  series  of  clutter  field  tests  was  conducted 
over  lanes  of  buried  objects.  The  objects  included  nonmetallic  antipersonnel  and 
antivehicular  land  mines,  cultural  debris,  vegetation,  various  types  of  soil,  and  river  rocks. 


The  questions  and  issues  were  addressed  by  burying  clutter  objects  along  with  land 


7-271 


mines  and  measuring  the  RMPA  response.  The  objects  are  shown  in  Figure  1 


mines  prior  to  burial. 


Starting  at  the  left  side  of  the  photograph  and  proceeding  to  the  right,  the  objects 
are; 

•  3/4x8  inch  piece  of  electrical  conduit  pipe 

•  constellation  of  antipersonnel  /  antivehicular  land  mines  /  river  rock 

•  electrical  wire 

•  2x4  inch  pine  board 

•  an  aluminum  beverage  can. 

The  measured  conductance  (inverse  resistance  at  resonance)  values  measured 
over  the  image  plane  are  illustrated  in  Figure  2. 
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Conductance  Map  of  Clutter  Test  2 
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Figure  2  Plan  view  of  measured  conductance  values  over  survey  area. 


The  silhouettes  of  the  conduit  pipe  appear  to  be  eight  inches  long  and  the  diameter 
of  the  antivehicular  land  mine  is  near  six  inches.  The  diameter  of  the  silhouette  of  the 
antipersonnel  mine  is  near  three  inches.  The  silhouette  of  the  aluminum  beverage  can 
suggests  that  the  object  is  oblong  with  a  width  of  two  inches  and  length  of  three  to  four 
inches.  All  of  the  silhouettes  are  reasonably  close  to  the  actual  size  of  each  of  the  objects. 
The  river  rock  and  pine  board  are  not  evident  in  the  image.  A  three-dimensional 
presentation  of  the  measured  data  is  illustrated  in  Figure  3. 
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Figure  3  Survey  area  map  of  measured  conductance  in  milisiemens  acquired 
over  buried  object. 


The  significant  feature  in  the  three-dimensional  presentation  is  that  the  conductance 
values  decrease  over  metal  objects  and  increase  over  nonmetallic  objects.  This  difference 
may  be  used  in  identifying  metal  and  nonmetal  objects. 

The  objects  were  covered  with  clay  bearing  soil.  When  water  was  released  over  the 
antipersonnel  land  mine,  the  detection  sensitivity  increased.  This  occurred  because  the 
electrical  contrast  between  the  soil  and  the  antipersonnel  land  mine  increased. 

We  find  that  the  detection  sensitivity  of  the  antipersonnel  land  mine  changed  from 
32%  to  22%  when  buried  with  a  45  degree  tilt.  This  change  in  sensitivity  occurred  because 
the  object  scatters  rather  than  reflects  EM  waves.  Adding  magnetite  to  the  soil  did  not 
change  the  detection  sensitivity. 

A  series  of  tests  was  conducted  to  determine  antipersonnel  mine  detection 
sensitivity  versus  burial  depth.  We  found  that  when  antipersonnel  mines  are  buried  at  the 
surface,  the  RMPA  impedance  decreases  (conductance  increases)  as  RMPA  approaches 
and  departs  from  the  antipersonnel  mine.  It  reaches  a  minimum  value  over  the  mine.  At 
burial  depths  of  one  and  two  inches,  the  impedance  decreases  when  RMPA  is  swept  over 
the  antipersonnel  mine.  The  standing  wave  above  the  air-soil  interface  depends  on  the 
scattered  wave  generated  by  the  object.  The  standing  wave  also  depends  on  the 
operating  frequency  of  the  RMPA. 
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Several  river  rock  tests  were  conducted  in  clay  soil.  One  inch  diameter  rocks 
overlying  the  land  mines  increased  the  detection  sensitivity.  Tests  conducted  over  river 
rocks  (» two  inch  diameter)  buried  at  depths  of  0, 1 ,  and  2  inches  caused  the  conductance 
to  decrease  slightly.  Tests  over  disturbed  soil  simulating  burial  at  1  and  2  inches  changed 
the  conductance  value  by  a  small  amount. 

Limitations: 

The  RMPA  downward  traveling  primary  wave  is  phase  coherent  with  the  air-soil 
reflected  wave  and  the  scattered  wave  from  the  buried  object.  The  vector  sum  of  the 
waves  forms  a  standing  wave  above  the  air-soil  interface.  The  RMPA  feed-point 
impedance  appears  to  be  dependent  on  the  standing  wave. 

We  found  that  the  detection  sensitivity  reaches  a  maximum  value  when  RMPA  is 
near  the  air-soil  interface  and  periodically  at  one-half  wavelength  intervals  above  the 
interface.  Minimum  detection  sensitivity  occurs  at  a  quarter  wavelength  above  the  air-soil, 
interface.  RMPA  will  be  most  effective  as  a  close-in  man-pack  instrument;  however,  it  can 
also  be  used  with  less  detection  sensitivity  in  stand-off  applications.  The  stand-off  height 
needs  to  be  controlled  or  measured  in  the  instrumentation.  Designing  RMPA  with  a 
multifrequency  capability  would  allow  the  detection  sensitivity  to  be  switched  from  minimum 
to  maximum  at  any  given  stand-off  height.  A  multifrequency  design  would  increase  the 
detection  sensitivity  of  the  RMPA  instrument. 
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I  INTRODUCTION 


Preliminary  theoretical  studies  and  controlled  laboratory/field  tests  provided  direct 
evidence  that  the  Resonant  Microstrip  Patch  Antenna  (RMPA)  could  detect  and  image 
shallow  buried  nonmetallic  and  antipersonnel  (AP)  land  mines.  Los  Alamos  National 
Laboratories  and  the  NASA  Johnson  Space  Flight  Center  (electromagnetics  branch) 
participated  in  the  verification  and  validation.  The  work  focused  on  antipersonnel  land 
mines  because  they  are  more  difficult  to  detect  with  the  current  state-of-the-art 
technologies.  NASA  used  theoretical  modeling  of  electromagnetic  (EM)  wave  propagation 
at  the  air-soil  interface  and  experimental  measurements  to  investigate  the  antipersonnel 
land  mine  detection  sensitivity.  Los  Alamos  National  Laboratories  (LANL)  used  theoretical 
methods  to  investigate  the  physics  underlying  the  RMPA  detection  process.  LANL 
participated  in  controlled  field  experiments  to  answer  specific  questions  concerning  the 
detection  and  imaging  capability  of  RMPA.  By  way  of  background,  the  physics  of  the 
Resonant  Miaostrip  Patch  Antenna  (RMPA)  sensor  is  similar  to  downward-looking  radar. 
RMPA  technology  capitalizes  on  its  high  Q  resonant  cavity  detection  process.  Both  the 
resonant  frequency  and  impedance  (resistance  in  ohms  or  conductance  in  milisiemens) 
of  the  high  Q  resonant  cavity  significantly  change  when  the  RMPA  sensor  is  swept  over 
a  buried  antipersonnel  mine.  The  resonant  parameters  are  measured  at  the  feed-point  of 
the  RMPA  sensor  with  a  Maxwell  bridge  and  associated  microcomputer-controlled 
electronics.  While  the  resonant  frequency  changes  by  approximately  1%,  the  resonant 
impedance  changes  by  tens  of  percent.  The  exact  change  depends  upon  the  operating 
frequency,  burial  depth  of  the  object,  and  the  electrical  parameters  (conductivity  [a], 
dielectric  constant  [e],  and  permeability  [p])  of  the  soil  and  the  buried  object.  The 
difference  in  electrical  parameters  is  called  contrast.  The  significant  change  in  resonant 
impedance  when  the  RMPA  sensor  is  swept  over  an  antipersonnel  land  mine  allows 
images  to  be  formed  directly  from  unprocessed  data.  This  is  important  when  considering 
the  computational  requirements  in  the  identification  problem. 

Although  RMPA  technologies  reached  a  mature  development  status  in  the  real  time 
measurement  of  uncut  coal,  its  reconfiguration  and  application  in  nonmetallic  land  mine 
detection  needed  critical  review  and  consideration.  Since  RMPA  is  based  upon 
Electromagnetic  wave  Detection  and  Imaging  Technologies  (EDIT),  a  number  of  technical 
issues  must  be  addressed  in  the  detection  and  identification  of  nonmetallic  land  mines. 
The  probability  of  detection  (P.D.)  and  False  Positive  Rate  (F.P.R.)  are  critical  performance 
evaluation  factors  in  humanitarian  demining  and  the  battle  field  environment.  Clutter  in  the 
form  of  vegetation,  cultural  debris,  and  spent  battle  field  objects  have  a  significant  impact 
on  P.D.  and  F.P.R..  Ideally,  the  detection  system  would  discriminate  against  buried  clutter 
objects  and  detect  only  land  mines.  Realistically,  it  is  far  better  policy  to  detect  every 
buried  object  and  form  images  for  use  in  identification.  Since  image  forming  is  a  critical 
factor  in  the  P.D.  and  F.P.R.  problems,  high  resolution  images  must  be  achieved  without 
computational  intensive  data  processing.  The  detection  system  must  have  a 
straightforward  user  interface  and  be  capable  of  operating  beyond  the  lethal  kill  distance 
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limit  from  a  land  mine. 


This  project  addressed  the  issues  and  concerns  described  above  by  setting  up 
lanes  of  clutter  objects  and  nonmetallic  land  mines  buried  in  clay  soil.  The  clutter  field 
tests  were  designed  to  enhance  our  understanding  of  the  detection  physics  and  investigate 
the  limitations  of  RMPA.  Since  the  RMPA  sensor  technology  is  based  upon  the  detection 
of  scattered  (not  reflected)  electromagnetic  waves  from  buried  objects,  the  first  series  of 
questions  that  naturally  arises  relates  to  how  the  scattered  wave  depends  on  orientation 
(scattering  cross  section)  of  the  land  mine,  the  type  of  soil  (bearing  clay  or  magnetite), 
moisture,  sensor  stand-off  height  above  the  soil  and  object  burial  depth.  The  next  series 
of  tests  were  concerned  with  the  Probability  of  Detection  (P.D.)  and  False  Alarm  Rate 
(F.A.R.).  Can  antipersonnel  land  mines  be  detected  in  soil  featuring  a  wide  variety  of 
clutter  objects?  If  clutter  objects  were  detected,  could  they  be  identified  in  an  image 
forming  process?  If  image  forming  is  required  in  the  identification  process,  what  is  the 
resolution  and  computational  complexity?  What  kinds  of  clutter  objects  were  not  detected? 
Finally,  can  detection  limitations  be  resolved  in  the  design  of  the  instrumentation  and 
imaging  process? 

The  first  series  of  tests  addressed  the  issue  of  detection  sensitivity  versus  stand-off 
height,  burial  depth  and  orientation.  A  mathematical  model  of  the  RMPA  detection  process 
was  developed  and  found  to  be  in  agreement  with  measured  data.  This  model  is  useful 
in  qualitatively  understanding  the  relationship  of  detection  sensitivity  to  stand-off  height, 
burial  depth  and  orientation  of  the  antipersonnel  land  mine.  Our  analysis  suggests  that 
RMPA  resonant  frequency  and  impedance  are  related  to  the  time  average  energy  density 
of  the  standing  wave  as  a  function  of  height  above  the  air-soil  interface.  The  standing 
wave  is  caused  by  the  primary  EM  fields  being  phase-coherent  with  the  reflected  fields 
from  the  air-soil  interface  and  the  scattered  wave  from  the  buried  object.  The  standing 
wave  is  periodic  in  14  wave  length  distance  intervals  above  the  soil  interface.  At  850  MHz, 
detection  sensitivity  achieves  maximum  value  when  the  stand-off  height  is  close  to  zero 
and  periodically  at  6.8  inches  (17  cm)  intervals.  At  850  MHz,  the  loss  tangent  of  the  soil 
is  very  small.  When  the  soil  is  illuminated  by  the  RMPA  primary  fields,  dielectric 
displacement  currents  predominate  in  the  soil.  Dielectric  constant  plays  a  major  role  while 
soil  conductivity  plays  only  a  minor  role  in  determining  the  intensity  of  the  reflected  wave 
at  the  air-soil  interface  at  850  MHz.  About  30  percent  of  the  primary  field  is  reflected  at  the 
interface.  The  moisture  in  the  soil  causes  the  dielectric  constant  to  increase.  Since  the 
wavelength  is  13  inches,  it  is  long  compared  to  the  diameter  (3  inches)  of  the 
antipersonnel  land  mine;  scattering  predominates  in  the  detection  problem.  Scattering 
causes  the  orientation  of  the  land  mine  to  be  a  minimal  factor  in  the  detection  problem. 
Orientation  would  be  a  significant  problem  if  reflections  predominated  the  EM  wave 
propagation  problem  in  the  vicinity  of  the  antipersonnel  land  mine. 
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II  CLUTTER  TEST  SITE 


2.1  DESCRIPTION  OF  CLUTTER  TEST  SITE: 

The  clutter  test  site  is  located  on  ranch  land  in  the  foothills  of  the  Sangre  de  Cristo 
Mountains  in  northern  New  Mexico.  The  test  site  is  shown  in  the  photograph  shown  in 
Figure  4. 


Figure  4  Instrumentation  and  survey  lane  of 
buried  objects. 


Nonmetallic  land  mines  and  clutter  objects  were  buried  along  the  survey  lane.  The 
instrumentation  included  an  HP4191A  RF  Impedance  Analyzer  and  the  resonant  Microstrip 
Patch  Antenna  (RMPA)  sensor.  The  RMPA  was  mounted  on  an  extendable  wooden  boom 
assembly  which  could  be  extended  to  cause  the  RMPA  sensor  to  follow  a  specific  Y 
survey  line. 
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The  RF  Impedance  Analyzer  was  calibrated  at  the  RMPA  feed-point,  causing  the 
measurement  load  plane  to  be  located  at  the  feed-point.  This  allows  the  impedance 
measurements  to  be  made  at  the  RMPA  sensor  feed-point. 

The  instrumentation  was  moved  along  the  travel-way,  stopping  and  measuring  at 
two  inch  intervals. 

The  following  buried  objects,  from  back  ground  to  foreground,  are  shown  in  the 
photograph  in  Figure  4: 

•  4"  X  4"  aluminum  plate  with  a  two-inch  bracket 

•  antipersonnel  land  mine 

•  5-inch  diameter  Lucite  cylinder 

•  antivehicular  land  mine 

•  air  filled  maple  syrup  bottle 

•  3/4  inch  diameter  plastic  pipe 

•  shell  casings 

•  river  rocks. 


Clay  soil  was  used  to  cover  the  objects  in  Figure  4.  The  clay  soil  was  originally  the 
floor  of  the  Cretaceous  period  sea  that  covered  most  of  the  central  part  of  the  United 
States. 

The  vegetation  tests  were  conducted  next  to  an  oak  brush  tree  illustrated  in  Figure 
5. 
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Figure  5  Photograph  of  the  oak  brush  tree  vegetation  test. 


The  tree  roots  and  clumps  of  grass  were  in  the  foreground. 

2.2  INTERPRETATION  OF  MEASURED  DATA 

Interpretation  of  electromagnetic  wave  detection  and  imaging  data  is  both  an  art  and 
a  science.  The  science  part  of  the  interpretation  problem  utilizes  physics  and 
mathematical  formulations  to  understand  how  the  measured  values  depend  on  the 
electrical  parameters  of  the  objects  and  the  surrounding  soil.  The  difference  in  electrical 
parameters  is  called  contrast.  Modeling  will  describe  how  the  resonant  impedance 
changes  for  a  wide  range  of  soil  parameters  and  burial  depths.  The  art  depends  on  the 
skill  and  training  of  the  countermines  personnel. 

The  RMPA  concept  was  originally  formulated  by  David  Chang  in  his  doctoral 
dissertation  at  Harvard  University  under  R.W.P.  King.  Later,  Chang  and  Wait  developed 
the  theory  which  described  the  admittance  variation  of  a  single  loop  of  wire  over  a  layered 
half  space.  Their  research  indicated  that  a  resonant  loop  of  wire  could  be  used  in  sensing 
changes  in  the  physical  parameters  (depth  of  each  layer  from  the  wire  loop)  and  electrical 
parameters  (conductivity  {o},  permitivity  {e},  and  permeability  {p})  of  the  layers.  Chang  and 
Wait  also  developed  analytical  expressions  for  the  changes  in  resonant  frequency  and 
input  impedance  of  the  wire  loop  due  to  changes  in  the  physical  and  electrical  parameter 
changes  of  the  layers. 

Laboratory  investigations  by  Raton  Technology  Research,  Inc.  (RTR,  Inc.)  and 
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NASA  Johnson  Space  Center,  showed  that  a  RMPA  exhibited  similar  resonant  frequency 
and  admittance  changes  as  that  of  the  wire  loop  in  the  Chang-Wait  analysis.  The  vertical 
cross  section  of  the  RMPA  sensor  is  shown  in  Figure  6. 


Figure  6  Vertical  cross  section  of  the  RMPA  sensor  including  the 
electric  field  lines. 


The  RMPA  sensor  can  be  modeled  as  a  high  Q  cavity  which  capitalizes  on  its 
resonant  sensitivity,  such  that  a  distinct  advantage  is  obtained  over  a  nonresonant  EM 
wave  sensor.  The  high  Q  cavity  is  formed  by  the  circular  copper  patch  and  the  ground 
plane.  The  E-field  within  the  cavity  is  excited/sensed  by  a  vertical  “probe”  at  the  feed  point. 
The  TMii  mode  E-field  within  the  cavity  and  the  fringing  E-fields  are  illustrated  in  Figure 
6  above.  The  magnetic  (H)  fields  are  not  shown;  however,  they  are  orthogonal  to  the  E- 
fields.  The  fringing  E-fields  (and  H-fields)  play  an  important  part  in  the  RMPA.  The  fringing 
EM  fields  are  the  coupling  mechanisms  between  the  internal  cavity  fields  and  external 
fields.  The  EM  fields  between  the  antenna  and  the  target  cannot  be  characterized  solely 
by  near  field,  induction  zone,  or  far  field  representations.  All  three  contribute  to  the  RMPA 
response. 


Figure  7  illustrates  the  physics  of  the  RMPA  sensor. 
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RMPA 


Figure  7  A  cross  section  of  a  buried  land  mine  detection  problem.  For  comparison 
purposes,  a  GPR  system  is  illustrated  on  the  left  and  RMPA  is  illustrated  on  the 
right. 


In  a  continuous  wave  (CW)  GPR  or  RMPA  system,  the  primary  field  energy 
propagates  downward  from  the  antenna.  Approximately  30%  of  the  incident  energy  is 
reflected  at  the  soil-air  interface. 

The  single  high  Q  RMPA  transmits  primary  EM  fields  and  senses  the  reflected  and 
scattered  fields  through  its  altered  resonant  condition.  A  continuous  wave  is  emitted  from 
RMPA  that  is  partly  reflected  and  partly  transmitted  at  the  air-soil  interface.  The 
transmitted  portion  of  the  wave  is  scattered  (not  reflected)  from  the  mine  due  to  the 
discontinuity  in  conductivity  and  dielectric  constant.  The  scattered  wave  is  again  partly 
reflected  and  transmitted  at  the  soil-air  interface.  Since  the  primary  continuous  wave  is 
coherent  with  the  secondary  waves,  a  standing  wave  occurs  in  the  air  space  of  the  soil-air 
interface. 
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The  return  signal  to  the  RMPA  serves  as  an  inductive  and  capacitive  mutual 
coupling  between  the  buried  object  and  the  RMPA. 

The  return  signal  is  coupled  through  the  fringing  field  and  alters  the  E-field  at  the 
feed-point.  The  RMPA  microprocessor-controlled  electronics  changes  the  frequency  until 
the  measured  impedance  is  real.  The  resonant  impedance  measured  at  the  feed  point  can 
change  by  a  significant  amount  when  the  RMPA  is  in  the  presence  of  a  land  mine. 

GPR  relies  on  a  low  Q  antenna(s)  to  measure  the  voltage  changes  which  are 
proportional  to  the  reflected  and  scattered  fields.  Resonant  conductance  changes  at  the 
high  Q  cavity  feed  point  appear  substantially  larger  than  corresponding  GPR  voltage 
changes.  Therefore,  RMPA  has  a  significant  increase  in  sensitivity  to  scattered  fields. 

The  real  (R)  and  imaginary  (X)  values  of  the  RMPA  feed-point  impedance  were 
measured  over  a  range  of  frequencies  with  an  HP  4191 A  RF  Impedance  analyzer.  The 
measured  data  is  presented  in  Figure  8. 
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Figure  8  Measured  850  MHz  RMPA  sensor  feed-point  impedance  vs.  frequency. 


The  impedance  was  measured  with  the  RMPA  sensor  radiating  into  free  space  and 
into  soil.  The  real  (R)  component  (resistance)  of  the  feed-point  impedance  versus 
frequency  curve  illustrates  the  resonant  characteristics  of  the  high  Q  cavity.  The 
resistance  rapidly  changes  on  each  side  of  the  resonant  frequency.  The  imaginary 
component  (x)  rapidly  changes  in  the  neighborhood  of  resonance. 

When  the  RMPA  sensor  radiates  downward  into  soil,  the  resonant  frequency  and 
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real/imaginary  components  of  the  feed-point  impedance  change. 

The  feed-point  impedance  at  resonance  depends  upon  the  feed-point  radial 
distance  from  the  center  grounding  post.  The  real  part  of  the  resonant  impedance 
increases  with  radial  distance  from  the  center. 

The  feed  point  resonant  frequency  and  impedance  dependence  on  the  electrical 
parameters  have  been  determined  with  a  commercial  software  program  (Sonnet).  A 
Green’s  function  analysis  of  the  circular  patch  antenna  with  multiple  layers  was  also  used 
in  modeling.  The  analytical  software  programs  determined  that  the  resonant  frequency 
and  impedance  exhibited  a  damped  sinusoidal  variation  as  the  sensor  stand-off  height  or 
burial  depth  was  varied.  Studies  suggested  that  the  time  average  energy  density  of  the 
standing  wave  closely  followed  both  the  modeling  and  measured  data. 

The  energy  density  formulation  is  analytic  and  provides  an  insight  into  the 
dependence  of  RMPA  measured  values  on  the  physical  and  electrical  parameters  of  the 
land  mine  detection  problem.  The  time  average  energy  density  is  given  by: 


(j  ’']=1  +R^-2R  cos  2kZ+^^^i!-^cos(2fcZ-\/e;c(/+A)+^^l-^cos(A-Vi#cd)+ 

2  ^/ed+Z  ^d+Z 

where  e  =  the  relative  dielectric  constant  of  the  soil 
R  =  the  soil-air  interface  reflection  coefficient 
d  =  the  burial  depth 
A  =  the  scattering  amplitude 
k  =  the  wave  number 

and,  A  =  the  scattering  phase  shift 

The  energy  density  versus  height  above  the  soil  is  illustrated  in  Figure  9. 


(1  -R)A  ^ 
\/ed+Z 
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Figure  9  Energy  density  versus  sensor  height  above  the  soil  air 
interface  (after  Bob  Kelly,  LANL). 


The  dashed  curve  illustrates  the  energy  density  without  a  buried  target.  (A  =  0). 
It  illustrates  the  interference  of  the  incident  and  soil-air  reflected  waves.  The  solid  curve 
is  the  energy  density  (system  response)  as  a  function  of  RMPA  sensor  height  above  the 
soil-air  interface.  The  land  mine  is  buried  at  a  depth  of  4  cm.  The  solid  curves  suggest 
that  the  maximum  sensitivity  occurs  when  RMPA  is  in  close  proximity  to  the  soil-air 
interface.  When  the  elevation  reaches  4  cm,  the  detection  sensitivity  would  be  near  zero. 
The  detection  sensitivity  reaches  another  maximum  near  1 1  cm. 

The  energy  density  also  depends  upon  the  burial  depth.  The  period  is 
approximately  the  wavelength  in  free  space  divided  by  v^e. 

The  energy  density  has  been  calculated  for  RMPA  sensor  heights  of  4  cm  (1 .57 
inches)  and  1 1  cm  (4.33  inches)  above  the  air-soil  interface.  The  change  in  energy  as  a 
function  of  burial  depth  is  illustrated  in  Figure  10  for  an  antenna  height  of  4  cm. 
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Figure  10  Energy  density  versus  burial  depth  for  an 
antenna  height  of  4  cm  at  a  frequency  of  850  MHz. 

The  soil  relative  dielectric  constant  is  assumed  to  be 
4. 

The  energy  density  reaches  a  minimum  value  at  a  burial  depth  of  10  cm.  (3.94 
inches).  At  this  depth  the  resonant  impedance  reaches  a  maximum  value.  As  the  burial 
depth  inaeases  to  18  cm  (7.08  inches)  the  energy  density  reaches  a  maximum  value  and 
the  impedance  reaches  a  minimum  value. 

The  analytic  expression  defining  RMPA  response  suggests  that  a  mufti  frequency 
system  is  required.  The  multi-frequency  system  would  enable  the  standing  wave  pattern 
to  change  by  one  fourth  wavelength,  shifting  any  minimum  response  to  a  maximum 
response.  The  phase  shift  (A)  used  in  the  analytical  expression  will  be  different  for 
nonmetallic  and  metallic  objects.  The  measured  resonant  conductance  shows  that  under 
certain  test  conditions,  the  conductance  change  over  nonmetallic  land  mines  is  greater 
than  the  change  over  metallic  land  mines.  A  system  built  with  multiple-frequencies  could 
capitalize  on  the  change  to  identify  the  difference  between  metallic  and  nonmetallic 
objects. 
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Ill  DESCRIPTION  OF  CLUTTER  TEST  RESULTS 


3.1  MEASURED  RMPA  CONDUCTANCE  VERSUS  STAND-OFF  HEIGHT 


The  detection  sensitivity  versus  stand-off  height  is  illustrated  in  Figure  1 1 . 


A  —  No  mine  present 
.E  -  metallic  mine  buried  at  z=-2.S'' 


height  above  ground  (in.) 


Figure  11  Resonant  conductance  in  milisiemens 
versus  stand-off  height  in  inches  measured  over 
nonmetallic  antipersonnel  land  mine  and  metal  land 
mine. 


These  graphs  compare  the  measured  resonant  conductance  data  acquired  over 
undisturbed  soil  with  RMPA  sensor  conductance  values  measured  over  nonmetallic  and 
metallic  land  mines.  The  sensitivity  reaches  maximum  value  when  the  RMPA  sensor  is 
near  the  soil  interface  and  at  half  wavelength  intervals.  At  a  stand-off  height  of  one  inch, 
the  resonant  conductance  changes  from  15  ms  to  35  ms,  a  change  of  1 33%.  Because  the 
detection  sensitivity  reaches  a  minimum  value  near  a  stand-off  height  of  one-quarter  wave 
length,  a  multi  frequency  system  would  ensure  that  the  maximum  response  is  achieved  at 
each  measurement  location. 
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3.2  MEASURED  RMPA  CONDUCTANCE  VERSUS  ANTIPERSONNEL  LAND  MINE 
BURIAL  DEPTH 

The  sensitivity  of  detection  versus  burial  depth  was  determined  by  burying 
antipersonnel  mines  at  depths  of  0,  1,  2,  3,  and  4  inches.  Resonant  conductance  was 
measured  as  the  RMPA  sensor  was  swept  along  survey  lines  over  the  survey  area. 


Figure  12  Three  dimensional  image  of 
antipersonnel  land  mines  buried  at  0,  1,  2,  3, 
and  4  inches  (left  to  right). 


Conductance  data  was  acquired  by  sweeping  the  RMPA  along  parallel  survey  lines 
spaced  two  inches  apart  over  the  survey  area.  Resonant  conductance  was  measured  at 
two  inch  intervals  along  each  survey  line.  The  image  was  formed  by  taking  the  absolute 
value  of  the  difference  between  measured  resonant  conductance  value  and  the  average 
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measured  conductance  value.  Silhouettes  of  the  antipersonnel  land  mines  appear  in  the 
image. 

3.3  MEASURED  RMPA  RESPONSE  OVER  BURIED  CLUTTER  OBJECTS 

The  next  series  of  tests  was  conducted  in  a  clay  soil  covering  a  variety  of  clutter 
objects. 


Figure  13  Photograph  of  clutter  objects,  antipersonnel,  and  antivehicular  land 
mines  prior  to  burial. 


Starting  on  the  left  side  of  the  photograph  and  proceeding  to  the  right,  a  3/4  x  8  inch 
electrical  conduit  pipe,  nonmetallic  antivehicular  and  antipersonnel  land  mines,  river  rock, 
16  gauge  electrical  wire,  a  2  x  4  x  6  inch  pine  board,  and  a  2-inch  diameter  by  6-  inch  long 
aluminum  beverage  can  are  shown  in  the  photograph. 

Images  of  the  buried  objects  were  formed  directly  from  the  measured  conductance 

values. 
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Conductance  Map  of  Clutter  Test  2 


Figure  14  Sweep  area  map  of  conductance  over  the  buried 
objects.  Measured  RMPA  conductance  values  are  in  milisiemens. 


The  significant  feature  in  the  measured  conductance  data  is  that  over  the  metal  pipe 
and  beverage  can,  the  conductance  values  reached  minimum  values.  The  conductance 
values  reach  maximum  over  nonmetallic  antipersonnel  and  antivehicular  land  mines.  If 
significant,  this  difference  may  be  useful  in  identifying  metal  and  nonmetal  objects.  The 
electrical  wire,  river  rock  and  2x4  inch  board  are  difficult  or  impossible  to  detect  in  the 
image.  A  plan  view  of  the  measured  data  is  illustrated  in  Figure  1 5. 


7-290 


Conductance  Map  of  Clutter  Test  2 
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Figure  15  Plan  view  of  measured  conductance  over  the  sweep 
area. 


The  silhouette  of  the  conduit  pipe  appears  to  be  near  8  inches  long.  The  diameter 
of  the  antivehicular  mine  is  near  6  inches.  The  antipersonnel  mine  is  near  2  inches  (it 
should  be  3  inches).  The  silhouette  of  the  metal  can  is  rectangular  with  a  diameter  of  2 
inches. 

The  measured  conductance  values  shown  in  Figure  15  were  processed  by  taking 
the  absolute  value  of  the  difference  between  the  measured  data  and  the  average  value  of 
conductance  value  in  the  image  plane.  The  image  is  illustrated  in  Figure  18. 
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Figure  16  Three-dimensional  representation  of  the 
absolute  value  of  the  difference  between  the 
measured  and  average  conductance  values  acquired 
over  the  sweep  area. 


The  image  of  the  metal  pipe,  antipersonnel  land  mine,  and,  metal  beverage  can 
appear  in  the  formed  image.  In  this  image  the  absolute  value  processing  causes  all  of  the 
silhouettes  to  increase  in  value.  Figure  17  shows  the  plan  view  of  the  absolute  value  of 
the  data. 


Resonant  Conductance  Magnitude  Map 
adjusted  with  an  average  threshold 


□  0-2  b2-4  o4-6  □  6-8  0  8-10  0  10-12  012-14  014-16 


Figure  17  Plan  view  of  the  absolute  value  data. 


A  potential  false  positive  detection  is  seen  near  the  upper  right  corner  of  the  image, 
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near  C4.  The  data  illustrated  in  Figure  4  show  that  a  minimum  conductance  value  occurs 
at  this  location,  which  indicates  that  the  false  positive  is  not  a  nonmetallic  antivehicular  or 
antipersonnel  mine.  Our  investigation  of  the  false  positive  indicated  that  a  soil  surface 
depression  occurred  at  this  location.  The  data  presented  in  Figure  1  confirms  the 
possibility  that  a  sensor  stand-off  height  increase  would  decrease  the  measured 
conductance.  This  finding  suggests  that  the  RMPA  instrument  design  must  include  a 
means  of  measuring  sensor  stand-off  height. 
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3.4  MEASUREMENT  OF  RESONANT  CONDUCTANCE  OVER  AP  LAND  MINES 
BURIED  AT  VARIOUS  DEPTHS. 


Nonmetallic  antipersonnel  land  mines  were  buried  at  depths  of  0,  1,  2.  3  and  4 
inches.  The  map  of  conductance  swept  over  nonmetallic  land  mines  buried  at  various 
depths  is  illustrated  in  Figure  1 8. 


Figure  18  Conductance  measured  over  nonmetallic  land  mines  buried  at  0,  1,  2, 
3,  and  4  inches  in  clay  soil. 


The  first  antipersonnel  mine  is  buried  at  the  86-inch  X  direction  location  (burial  depth 
of  0  inches).  The  conductance  value  reaches  a  minimum  value  at  this  burial  depth  and 
exhibits  a  double  peak.  The  antipersonnel  mine  at  the  99-inch  (burial  depth  of  1  inch)  and 
the  111 -inch  locations  (burial  depth  of  two  inches)  exhibit  peak  measured  conductance 
values  of  39  mS.  This  is  a  change  of  approximately  36%  over  the  average  value.  The  AP 
mine  produces  a  minimum  conductance  value  at  a  burial  depth  of  three  inches.  This  mine 
is  located  at  an  X  location  of  122  inches.  The  AP  mine  at  a  burial  depth  of  4  inches 
exhibits  a  maximum  value  at  the  X  location  of  134  inches. 

The  measured  data  shown  in  Figure  1 8  was  processed  by  subtracting  the  average 
measured  conductance  value  (28  mS)  from  each  measured  conductance  value.  The 
absolute  value  of  the  difference  is  shown  in  Figure  1 9. 
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Figure  19  Absolute  value  of  the  difference  in  measured  conductance  and 
average  conductance  over  the  survey  area. 

The  first  antipersonnel  mine  buried  at  the  %  inch  depth  exhibits  a  double  peak. 
Peak  values  occur  at  burial  depths  of  one  and  2  inches.  Conductance  peaks  also  occur 
for  three  and  4  inch  burial  depths. 

The  figure  20  illustrates  the  measured  conductance  values  on  the  plan  view  of  the 
image  plane. 
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The  AP  land  mine  buried  at  a  depth  of  !4  inch  at  the  86-inch  X-direction  location 
exhibits  a  double  peak. 

3.5  CLUTTER  TEST  DATA 


Figure  20  Plan  view  of  the  absolute  value  of  the  difference  in  measured  and 
average  value. 


The  resonant  conductance  was  measured  along  the  survey  lines  over  the  buried 
objects  shown  in  Figures  1  and  13. 
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Resonant  Conductance  vs  position  for  Clutter  Test 


— C(clutx=0) 

—  C(nullx=:0) 

—  C(clutx=2) 


Figure  21  Measured  conductance  along  the  X  =  0  and  X  =  2  survey  lines. 


The  RMPA  sensor  feed-point  conductance  was  measured  prior  to  burial  of  the 
clutter  objects  and  land  mines  (null  X  =  0  curve).  The  buried  clutter  and  land  mine  data 
measured  along  the  same  survey  line  is  illustrated  on  the  GLUT  X  =  0  curve.  The  clutter 
data  measured  along  the  two-inch  off  set  survey  line  is  illustrated  on  curve  GLUT  x  =  2. 

The  3x4  inch  metal  plate  at  the  X  =  10  location  produced  a  significant  response. 
The  air  filled  maple  syrup  bottle,  at  the  X  =  96  inch  location,  produced  the  greatest  false 
positive  response.  The  nonmetallic  antipersonnel  mine  at  the  X  =  24  inch  location 
produced  a  very  small  response  because  it  was  buried  at  a  depth  of  !4  inch.  The  RMPA 
stand-off  height  was  approximately  3.5  inches;  the  minimum  RMPA  response  stand-off. 
The  dielectric  cylinder  and  the  antivehicular  land  mine  produced  significant  responses. 
The  dielectric  pipe,  shell  casing,  and  river  rock  produced  small  responses. 

The  plan  view,  rotational  view,  side  view,  and  oblique  views  of  the  measured  data 
show  silhouettes  of  the  buried  objects. 
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Conductance  map  of  clutter  test 
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Figure  22  Plan  view  of  conductance  values  measured  over  survey  area. 
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The  plan  view  illustrates  the  silhouettes  of  the  buried  objects.  The  bottle  appears 
to  have  an  oblong  silhouette  that  is  different  from  a  land  mine.  The  dielectric  cylinder  and 
the  antivehicular  land  mine  exhibit  round  silhouettes  and  appear  to  be  land  mines. 
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Conductance  gnrface  map  of  test  area. 
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Figure  23  Rotational  and  oblique  view  of  conductance  values  measured  over  the 
survey  area. 


The  glass  bottle  stands  out  in  the  oblique  view.  The  metal  plate  appears  to  be  a 
wide  object.  The  dielectric  cylinder  and  the  antivehicular  mine  are  apparent  in  the  image. 
The  river  rocks  produce  a  response;  however,  the  stand-off  height  merges  to  within  an  inch 
of  the  soil  surface.  The  stand-off  height  is  approximately  3.5  inches  from  10  to  34  inches. 
This  accounts  for  the  low  antipersonnel  mine  detection  sensitivity. 
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Figure  24  Rotational  view  of  conductance  values  measured  over  the  survey 
area. 


This  particular  presentation  of  the  data  seems  to  be  the  best  from  an  object 
identification  point  of  view.  The  antivehicular  mine  clearly  stands  out  in  the  image. 
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Figure  25  Side  view  of  conductance  values  measured  over  the  survey  area. 


The  contour  lines  form  a  silhouette  image  of  the  empty  bottle.  The  bottle  appears 
to  be  six  inches  long  and  features  a  silhouette  that  is  oblong.  The  images  clearly  show 
the  dielectric  cylinder  and  the  antivehicular  land  mine.  The  metal  plate  does  not  exhibit  a 
silhouette  similar  to  a  land  mine.  The  AP  mine  is  not  apparent  in  the  image.  This  is  due 
to  the  fact  that  the  sensor  stand-off  height  is  approximately  3.6  inches.  The  detection 
sensitivity  is  minimum  at  this  stand-off  height. 

The  RMPA  stand-off  height  was  not  controlled  during  this  clutter  test.  The  stand-off 
height  was  measured  at  the  end  of  the  test  and  the  data  is  presented  in  Figure  26. 
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Figure  26  Measured  antenna  height  above  the  soil 
for  the  clutter  test.  (Note:  This  implies  a  general  trend 
only  because  these  data  were  taken  at  various 
antenna  offset  positions  and  over  the  course  of  all 
clutter  tests.) 

3.6  MEASUREMENT  OF  RESONANT  CONDUCTANCE  OF  THE  RMPA  SENSOR 

WHEN  SWEPT  OVER  ANTIPERSONNEL  MINE 

The  shallowly  buried  antipersonnel  land  mine  detection  problem  was  investigated 
by  making  a  series  of  resonant  conductance  measurements. 

In  the  first  tests,  the  RMPA  response  was  measured  at  different  heights  above  the 
soil  surface. 
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Resonant  frequency  vs  height  for  a  sniall  mine  buried  at  .5" 


no  mine 


0.00  4.00  8.00  12.00 

height  in  inches 

Figure  27  Frequency  change  versus  RMPA  sensor 
height  above  soil  surface  for  undisturbed  soil  and  the 
antipersonnel  mine  buried  at  14  inch. 


The  resonant  frequency  appears  to  decrease  when  the  AP  mine  is  present.  The 
Maximum  decrease  (sensitivity)  occurs  when  RMPA  is  near  the  earth’s  surface  and 
periodically  at  the  14  wavelength  (6.8  inch)  period.  The  near  field  resonant  conductance 
is  illustrated  in  Figure  28. 
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Figure  28  Measured  resonant  conductance  versus 
RMPA  height  above  the  earth. 

When  RMPA  is  very  near  the  soil  surface,  the  measured  resonant  conductance 
decreases  from  the  undisturbed  soil  condition.  The  same  measurement  phenomenon 
occurs  when  the  RMPA  sensor  height  is  increased  by  14  wavelength.  The  change  in 
resonant  conductance  is  6.2%  at  850  MHz. 

In  the  next  test,  RMPA  was  swept  over  a  shallow  buried  (0.25  inch)  AP  land  mine 
and  the  resonant  conductance  was  measured  at  1  inch  intervals.  The  measured  data  is 
shown  for  operating  frequency  of  850  MHz  in  Figures  29  and  30. 
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Figure  29  Measured  resonant  frequency  versus  X 
position  swept  over  antipersonnel  land  mine  at  850 
MHz. 


The  conductance  values  reach  maximum  values  on  each  side  of  the  AP  land  mine. 
The  maximums  are  located  approximately  1 .96  cm  (5  inches)  from  the  center  of  the  AP 
land  mine. 
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Resonant  conductance  vs  x-position  for  a  small  mine  burled  at  x=1 1*'(depth=  25") 


SSOMHz  antenna  height  O.S"  above  ground 


Figure  30  Measured  resonant  conductance  versus  X 
position  swept  over  an  antipersonnel  mine  at  850 
MHz. 


The  double  peaks  are  observable  in  the  graphical  display  of  the  data  acquired  when 
sweeping  the  RMPA  sensor  over  AP  land  mines  buried  at  various  depths.  The  reason  for 
the  double  peaks  follows  from  the  illustration  of  the  TM^  mode  fields  shown  in  Figure  9. 
When  the  RMPA  sensor  approaches  the  edge  of  the  land  mine  the  circular  patch  sensor 
fringing  fields  are  closer  to  the  land  mine.  This  causes  a  significant  change  in  the  RMPA 
internal  cavity  fields  along  with  a  change  in  RMPA  response. 


3.7  CLUMP  OF  GRASS 


The  sensitivity  of  the  RMPA  to  a  clump  of  grass  was  determined  by  comparing  the 
measured  conductance  values  over  undisturbed  spoil  and  a  clump  of  grama  grass  at  the 
same  location.  The  measured  data  is  illustrated  in  Figure  31 . 
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Resonant  Conductance  measurements  as  a  function  of  height 
over  a  the  bare  ground  and  a  clump  of  grass 


hdght  ovar  ground  In  inchas 

Figure  31  Measured  resonant  conductance  versus 
RMPA  height  over  undisturbed  soil  and  a  clump  of 
grass. 


Since  the  curves  are  substantially  the  same,  grass  appears  to  have  minimal  impact 
on  RMPA  measurements.  The  minimum  sensitivity  to  grass  may  be  due  to  the  fact  that 
the  RMPA  E-fields  are  orthogonal  to  the  vertical  grass.  The  E-Field  is  minimally  coupled 
to  the  grass. 
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3.8  AP  LAND  MINE  TILTED  AT  45  DEGREES 


The  test  was  designed  to  determine  the  RMPA  sensor  detection  sensitivity  for  land 
mines  buried  with  a  45°  tilt.  The  measured  data  is  illustrated  in  Figure  32. 


Resonant  frequency  vs  x-posftion  for  snrtall  mines 

buried  at  xa86*'<depths.5**)  and  X399”(depth=1'*)  and  tiited  at  45  degrees 


x-position  in  inches 

Figure  32  Measured  resonant  frequency  in  MHz 
versus  X  position  sweep  distance  in  inches. 


The  AP  land  mine  is  buried  at  a  depth  of  0.5  inches  at  X  =  86  inch  position.  The 
second  land  mine  is  buried  at  a  depth  of  one  inch  at  the  X  =  99  inch  position.  This  data 
shows  that  the  resonant  frequency  changes  by  5  to  6  MHz  (approximately  0.6%)  when 
RMPA  is  swept  over  the  AP  land  mines.  The  measured  conductance  values  are  illustrated 
in  Figure  33. 
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Resonant  conductance  vs  x-position  for  small  mines 

buried  at  x=86**(depth=.5”)  and  x=:99"(depth=1*')  and  tilted  at  45  degrees 


Figure  33  Measured  resonant  conductance  in 
milisiemens  versus  X  position  swept  distance  in 
inches. 


As  the  RMPA  sensor  is  swept  from  left  to  right  over  these  AP  land  mines,  the 
conductance  values  reach  a  minimum  value  over  the  AP  land  mine  at  depth  0.5  inch  and 
reaches  a  maximum  value  over  the  AP  land  mine  buried  at  a  depth  of  1  inch. 

The  measured  data  for  the  45°  tilted  AP  land  mine  exhibits  a  change  in  conductivity 
of  approximately  6  mS  (22%).  This  is  a  change  in  conductivity  of  38  percent. 

3.9  RIVER  ROCK 

The  photograph  of  the  buried  river  rock  is  shown  in  Figure  3.  The  conductance 
presentation  shown  in  the  three-dimensional  plot  is  shown  in  Figure  4.  It  is  impossible  to 
detect  the  river  rock.  This  is  partly  due  to  the  large  response  from  the  antivehicular  land 
mine.  In  Figure  17,  the  test  series  2  clutter  tests  show  that  the  Measured  conductivity 
increases  over  the  river  rock  in  this  test.  The  RMPA  sensor  stand-off  height  was  nearer 
to  the  soil  interface  which  partially  accounts  for  the  increase  in  conductivity. 
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3.10  MEASUREMENT  OF  SOIL  WATER  SATURATION  EFFECTS  ON  MEASURED 
CONDUCTIVITY 

The  RMPA  sensor  was  swept  over  undisturbed  soil  and  the  conductance  was 
measured  along  the  survey  line.  The  RMPA  sensor  stand-off  height  was  3.5  inches,  near 
the  quarter-wave  minimum  sensitivity  stand-off  height.  Measurements  were  repeated  for 
two  conditions  of  soil  moisture:  normal  and  saturated.  The  data  is  shown  in  Figure  34. 


30.00  32.00  34.00  36.00  38.00  40.00 

x-position  in  inches 

Figure  34  Measured  RMPA  frequency  values  in  MHz 
versus  distance  along  survey  line. 

a)  undisturbed  soil 

b)  normal  soil 

c)  saturated  soil 
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Resonant  Conductance  in  mS 


30.00  32.00  34.00  36.00  36.00  40.00 

X-Dosition  in  inches 

Figure  35  Measured  RMPA  conductance  values  in 
milisiemens  versus  distance  along  survey  line. 

a)  undisturbed  soil 

b)  normal  soil 

c)  saturated  soil. 
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3.11  ANTIPERSONNEL  LAND  MINE  RESPONSE  AT  1700  MHZ 


The  antipersonnel  mine  was  buried  at  various  depths  in  a  grass  lawn.  The 
conductance  was  measured  along  survey  lines  directly  over  the  antipersonnel  land  mine. 
The  measured  data  is  shown  in  the  table  below: 

MEASURED  DATA  AT  1700  MHZ 
Resistance  values  in  Ohms 


Burial  depth  in  inches 


Distance 
in  inches 

no 

mine 

1 

1.5 

3 

magnetite 

4 

25.8 

24.8 

26 

28.5 

32 

7 

26.4 

20.6 

20.4 

21.5 

21.5 

9  (land  mine) 

26.5 

18 

15 

18 

19.2 

11 

22.5 

24 

19 

27 

21 

14 

19.5 

22 

24.9 

26.9 

27.4 

When  the  soil  covering  the  land  mine  was  removed  (buried  at  a  depth  of  three 
inches)  and  replaced  with  magnetite,  the  measured  conductance  values  were  similar  to 
the  5  inch  burial  depth  values  (see  far  right  column  of  data).  This  difference  in  values  is 
within  experimental  error.  The  measured  data  acquired  over  buried  antipersonnel  land 
mines  shows  that  the  1700  MHz  RMPA  sensor  conductance  begins  to  decrease 
approximately  two  inches  from  the  antipersonnel  mine.  The  decrease  is  approximately  6  - 
milisiemens.  This  represents  a  30  percent  change. 

3.12  MEASURED  RMPA  RESPONSE  OVER  RIVER  ROCK 

An  antipersonnel  land  mine  was  buried  at  a  depth  of  two  inches.  The  survey  area 
was  covered  with  one  inch  diameter  river  rocks.  The  measured  data  is  illustrated  in  Figure 
36. 
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Figure  36  Measured  RMPA  conductances  with  antipersonnel  land  mine  survey 
area  covered  with  one  inch  diameter  river  rocks. 
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V  CONCLUSION 


5.1  SUMMARY  AND  RECOMMENDATIONS 

We  found  that  the  RMPA  sensor  and  associated  microcomputer-controlled 
electronics  can  detect  and  form  images  of  nonmetallic  (and  metallic)  antipersonnel  land 
mines  and  clutter  objects.  The  RMPA  sensor  achieves  maximum  sensitivity  when  near  the 
air-soil  interface  and  at  halfwave  intervals  in  stand-off  distance.  The  RMPA  sensor  design 
will  find  application  for  close-in  man  carried  mine  detection. 

We  found  that  clumps  of  grass,  roots  of  oak  brush.  2x4  inch  boards,  16  gauge 
electric  wire,  spent  shell  casings,  and  river  rocks  produced  very  small  changes  in 
resonance  when  RMPA  was  swept  over  the  clutter  test  site. 

Clutter  objects  such  as  3/4  inch  metal  pipe,  aluminum  beverage  cans,  glass  bottles 
and  dielectric  cylinders  produced  significant  response.  When  the  unprocessed  measured 
conductance  data  was  presented  in  two  dimensional  gray  scale  or  color  plots,  silhouettes 
of  the  clutter  objects  were  formed.  Three-dimensional  plots  of  the  raw  data  indicated  that 
metal  objects  caused  local  minimums  while  nonmetallic  objects  produced  local  maximums 
for  a  given  antenna  height.  This  feature  may  possibly  be  used  as  a  signature  in  the 
identification  problem.  Since  the  local  minimum  or  maximum  response  depends  on  the 
scattered  wave  from  the  buried  object,  the  min/max  response  is  expected  to  switch  with 
changes  in  frequency.  This  suggests  that  a  multi  frequency  system  would  improve  both 
the  P.D.  and  F.P.R.  figure  of  merit. 

When  the  measured  data  were  processed  by  subtracting  the  average  value  and 
taking  its  absolute  value,  the  min-max  response  was  converted  to  a  local  maximum  (peak) 
response  over  the  buried  objects.  Three-dimensional  graphical  representations  seem  to 
be  more  idealistic  and  effective  in  the  identification  problem.  With  this  type  of  imaging,  we 
were  able  to  determine  that  the  3/4  inch  pipe,  aluminum  can,  and  glass  bottles  were  not 
land  mines. 

Nonmetallic  antipersonnel  land  mines  were  detected  and  the  “absolute”  value 
imaging  presentation  assisted  in  the  identification  of  these  mines.  When  the  antipersonnel 
land  mine  was  buried  within  one  half  inch  of  the  surface,  the  RMPA  sensor  swept  response 
exhibited  a  local  maximum  values  on  approach  and  departure  from  the  antipersonnel  mine. 
Directly  over  the  antipersonnel  mine,  a  local  minimum  appears  in  the  data.  To 
experimentally  evaluate  the  phenomenon,  the  test  frequency  was  changed  from  850  to 
1700  MHz.  At  1700  MHz,  only  a  minimum  was  found  over  the  antipersonnel  land  mine. 
This  experimental  finding  added  to  our  conviction  that  a  multi  frequency  system  will 
improve  identification  of  buried  objects. 

Other  related  tests  found  that  when  water  was  used  to  saturate  the  soil  overlying 
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the  antipersonnel  land  mine,  the  detection  sensitivity  improved.  This  is  due  to  the 
increased  dielectric  constant  contrast  between  the  saturated  soil  and  the  antipersonnel 
mine.  Regional  changes  in  soil  moisture  are  expected  to  produce  false  positive  responses. 
This  is  a  common  problem  in  scattered  wave  imaging.  Imaging  is  an  important  factor  in 
resolving  this  problem.  Fusing  the  RMPA  sensor  with  an  IR  sensor  could  resolve  this 
problem.  Magnetite  in  the  overlying  soil  did  not  significantly  change  the  RMPA  sensor 
response  to  buried  antipersonnel  land  mines.  The  orientation  of  the  land  mine  did  not 
significantly  affect  the  resonance  because  of  the  scattering  phenomenon.  Electrical  noise 
from  power  lines,  internal  combustion  engines,  and  hand  held  radios  had  no  effect  on  the 
response. 

Changes  in  stand-off  height  caused  by  footprints,  tire  tracks,  and  local  erosion  will, 
have  an  impact  on  the  measured  conductance  values.  If  a  stand-off  height  sensor 
(acoustical  sensor)  were  fused  with  this  sensor,  the  effectiveness  of  RMPA  would  improve. 

The  RMPA  sensor  operates  with  high  detection  sensitivity  at  860  MHz.  A  multi 
frequency  design  is  recommended  to  overcome  the  strong  detection  sensitivity 
dependence  on  stand-off  height  and  burial  depth.  The  multi  frequency  system  appears  to 
enhance  the  identification  and  image  forming  aspects  of  the  RMPA  system.  An  image 
forming  capability  is  required  in  the  identification  of  land  mines  and  clutter  objects. 
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Clutter  Object 

Clutter  Response/Comments 

Roots 

no  effect 

Grass 

no  effect 

Rocks 

small  perturbation 

Single  rock  covering  mine 

Mine  detected  with  and  without  rock 

Many  small  rocks  covering  mine 

Small  effect;  improved  detection  with  disturbed 
soil 

8  rifle  shell  casings 

Small  but  definite  signal;  enhanced  in  wet  soil 

chopped,  disturbed  soil 

Minimal  influence  but 

Magnetite  covering  mine 

Mine  still  seen 

Dr.  Pepper  can 

Large  response;  imaged 

Maple  syrup  bottle 

Large  response;  imaged;  less  contrast  when 
filled  with  water 

Lucite  cylinder  (mine  size) 

Detected  like  a  mine 

coins 

Same  response  as  shell  casings 

Metal  pipe  (»  3  cm  diameter) 

Definite  response  and  image;  enhanced  ion  wet 
soil 

dielectric  pipe 

Nearly  invisible 

wood  block 

Small  perturbation 

metal  strips/plates 

Large  response 

COW  pie 

No  effect 

metal  plate  under  mine 

Slightly  enhanced  and  broadened  signal 

metal  plate  over  mine 

Reversed  the  conductance  change 

metal  plate  over  mine  but  on  the 
surface 

Increased  the  response;  probably  sensing  more 
of  the  metal 
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APPENDIX  A 


MATHEMATICAL  MODEL 
OF 

ENERGY  DENSITY 

SOIL  DIELECTRIC  CONSTANT  OF  4 
REFLECTION  COEFFICIENT  OF  0.33 
PHASE  REVERSAL  AT  SOIL-AIR  INTERFACE  OF  180“ 


APPENDIX  B 

TEST  SEQUENCE  NULL  MEASURED  DATA 
RMPA  HEIGHT  ABOVE  SOIL  SURFACE  NOT  CONTROLLED 
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Analysis  and  Time  Frequency  Processing 
of  Scattered  Signals  from  Submerged  Mines 
in  Shallow  Water 

Lawrence  Carin  and  Marc  McClure 

Duke  University,  Dept,  of  Electrical  Engineering, 


In  this  paper  we  describe  the  underlying  phenomenology  characteristic  of  acoustic  scattering  from 
an  elastic  mine  submerged  in  shallow  water.  The  scattered  pressure  from  such  a  target  is 
characterized  by  wavefronts  scattered  from  localized  scattering  centers  (e.g.,  the  surface  of  the 
mine  first  encountered  by  the  incident  wave),  followed  by  sustained  oscillations  at  complex 
frequencies  characteristic  of  target  resonances.  Additionally,  the  shallow  water  channel  acts  as  an 
acoustic  waveguide,  characgterized  by  multiple  waveguide  modes  and  significant  dispersion.  In 
the  time  domain,  the  waveguide  dispersion  is  manifested  as  a  chirp,  with  the  arrival  time  of 
particular  frequency  components  dictated  by  their  respective  group  velocities.  The  impact  of  the 
dispersive  water  channel  is  an  important  issue  to  be  considered  in  underwater  mine  detection  and 
indeitnfication  (largely  ignored  heretofore).  We  have  developed  a  signal  processing  algorithm 
that  exploits  the  aforementioned  underlying  phenomenology.  The  scheme,  referred  to  as  wave- 
based  matched  pursuits,  projects  the  pressure  scattered  from  a  submerged  mine  onto  a  basis 
composed  of  wavefronts,  resonances  and  chirps.  This  scheme  is  used  for  target  detection  and 
identification.  Results  are  presented  from  data  measured  by  the  Naval  Research  Laboratory,  as 
well  as  for  mine  acoustic  scattering  data  computed  numerically  via  rigorous  numerical  algorithms. 


Because  a  full  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  lead  author  can  be  reached  at  P.O.  Box  90291,  Durham,  NC  27708-0291. 
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Imaging  Small  Scatterers  in  Shallow  Water 
from  Towed  Array  Data 

Meng  Xu  and  Norman  Bleistein, 

Center  for  Wave  Phenomena, 
Colorado  School  of  Mines 


This  paper  describes  a  computer  code  developed  for  the  imaging  of  small  objects  in  shallow  water 
from  data  gathered  on  the  surface  with  a  towed  array.  The  underlying  theory  has  been 
successfully  used  to  invert  data  for  seismic  exploration.  The  survey  is  traditional.  A  boat  carries 
a  towed  array  along  parallel  lines  on  the  upper  surface  and  periodically  sets  off  an  acoustic 
sources,  collecting  the  resulting  backscattered  data  on  the  array.  These  data  are  re-sorted  in 
common  (constant)  offset  data  sets  and  processed  to  produce  a  reflector  map  based  on  the  theory 
developed  by  Bleistein.  In  addition,  the  output  provides  an  estimate  of  the  specular  reflection 
coefficient  at  the  sample  points  on  the  scatterer,  as  well  as  an  estimate  of  that  incident  specular 
angle  with  respect  to  the  normal  to  the  reflector.  By  processing  the  data  for  a  suite  of  offsets, 
data  for  amplitude  versus  offset  (AVO)  or  amplitude  versus  angle  (AVA)  analysis  is  generated  for 
each  point  on  the  reflector.  This  provides  a  basis  for  medium  characterization  of  the  scatterer. 

The  formalism  effectively  back  propagates  the  data  in  a  background  medium.  For  this  code,  that 
medium  is  assumed  to  be  depth-dependent.  To  calculate  the  amplitude  weights  for  a  3-D 
common  offset  v(z)  inversion  program,  analytic  formulas  for  computing  3-D  ray  data  in  a  depth 
dependent  propagation  medium  are  used.  These  ray  data  are  interpolated  from  ray  coordinates  to 
cartesian  coordinates  after  ray  tracing.  It  is  the  efficient  computation  of  these  data  that  is  the 
main  challenge  of  the  program  development.  From  these  ray  data,  all  of  the  necessary 
constituents  of  the  inversion  formula  are  computed  and  the  image  processing  proceeds.  The 
numerical  tests  confirm  that  the  computer  code  matches  analytical  values  of  the  travel  time  and 
amplitude  along  the  rays  extremely  well.  Furthermore,  for  a  model  sphere  in  a  constant 
background,  we  find  that  the  reflector  map  successfully  produces  an  image  of  the  sphere.  We  also 
present  output  from  processing  seismic  survey  data. 


Because  a  full  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  authors  can  be  reached  at  the  Center  for  Wave  Phenomena,  Colorado  School  of 
Mines,  Golden,  CO  80401-1887;  telephone,  303-273-3461;  e-mail,  <norm(@dix. mines. edu>. 
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Development  of  a  Conductively-Cooled 
Superconducting  Magnet  System 
for  Mine  Countermeasures 

Dr.  E.  Michael  Golda 
Naval  Surface  Warfare  Center 


The  Advanced  Lightweight  Influence  Sweep  System  (ALISS)  is  a  United  States  Navy  Advanced 
Technology  Demonstration  (ATD)  designed  to  validate  the  feasibility  of  using  superconducting 
technology  to  conduct  mine  countermeasures.  A  sueprconducting  coil  produces  a  magnetic  field 
to  sweep  magnetic  influence  mines.  Superconducting  technology  was  initially  investigated  for  this 
mission  in  the  early  1970s,  but  the  impact  of  helium  logistics  requirements  and  system  weight 
prevented  deployment  in  the  fleet.  Since  that  time,  advances  in  refrigeration  technology  have 
permitted  the  use  of  mechanical  cryocoolers  to  conductively  cool  a  magnet  system  to  super¬ 
conducting  temperatures  (approximately  4  K),  eliminating  the  liquid  helium  logistics  border 
and  significantly  reducing  system  weight.  The  ALISS  ATD  demands  higher  performance  under 
significantly  more  severe  conditions  than  any  commercial  superconducting  magnet  application. 

The  ALISS  superconducting  magnet  must  be  rugged,  have  a  high  dipole  moment,  have  a  short 
charge  time,  and  have  the  lowest  possible  weight.  The  first  phase  of  the  ALISS  ATD  was  a  joint 
Navy/industry  effor  tto  improve  the  performance  of  superconductors,  cryocoolers,  compressors, 
magnet  supports  and  thermo-mechanical  interfaces  to  meet  Navy  performance  requirements.  In 
addition,  two  of  the  largest  conductively  cooled  magnet  systems  in  the  world  were  successfully 
manufactured  and  tested  to  validate  design  performance  and  evaluate  the  performance  of 
component  interfaces.  Based  on  the  success  in  meeting  the  exit  criteria  of  the  first  phase,  the 
second  phase  commenced  with  a  contract  for  the  design  and  manufacture  of  an  at-sea 
demonstrator  which  was  awarded  in  June  1995  to  General  Atomics  of  San  Diego.  The  design 
was  completed  in  April  1996.  The  final  phase  of  the  program  will  be  the  participation  of  the 
system  in  Demonstration  II  of  the  Joint  Countermine  Advance  Concept  Technology  Demon¬ 
stration  (ACTD)  in  FY  1998. 


Because  a  full  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  author  can  be  reached  at  the  Naval  Surface  Warfare  Center,  Code  812, 
Annapolis,  MD  21402-5067;  telephone,  410-293-3359;  e-mail,  <golda@aosys.dt.navy.mil>. 
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The  Continuous  Improvement  Process  (CIP) 


RADM  Richard  D.  Williams  III,  USN 
PEO  Mine  Warfare, 

Chair  for  the  Session  on  Navy  Mine  Countermeasures 
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CHAPTER  8:  ALTERNATIVE  APPROACHES 
TO  MINE  CLEARANCE,  TECHNOLOGIES 
FOR  OBSTACLES  AND  THE  SURF  ZONE 


EXPLOSIVE  CLEARANCE  OF  MINES  AND  OBSTACLES 

During  World  War  II,  beach  defenses  were  "softened  up"  through  the  process  of  laying  a 
carpet  of  explosives  by  rocket  from  specially  outfitted  ships.  Also,  in  that  same  conflict,  the  British 
introduced  the  Bangalore  Torpedo  ~  an  explosive  hose  pushed  ahead  of  advancing  armor  and  infantry 
to  clear  away  mines.  The  principle  remains  the  same  today,  with  improved  versions  of  explosive  nets, 
saturation  bombing,  and  even  extremely  large  explosive  charges  (in  the  range  of  15,000  pounds  of 
explosive)  designed  to  be  placed  with  precision  so  that  they  can  be  detonated  in  a  closely  controlled 
time  sequence  all  having  a  place  in  the  amphibious  assault  “toolkit.”  The  name  PELEC  (Precision 
Emplaced  Large  Explosive  Charges)  is  given  to  this  latter  approach.  The  claim  is  that  explosives 
detonated  in  this  manner  will  create  a  channel  free  of  mines  and  obstacles. 

It  should  be  noted  that,  although  they  are  prepared  to  use  them  for  such  missions,  the  U.S. 
Air  Force  is  not  enthusiastic  about  diverting  its  Heavy  Bombardment  assets  (B-52s)  to  this  type  of 
action. 


In  a  defensive  minefield,  one  can  expect  to  find  both  mines  and  obstacles.  The  mines  protect 
the  obstacles,  and  the  obstacles  protect  the  mines.  This  is,  in  effect,  a  man-made  enhancement  of 
well-known  effects  of  the  physical  environment. 

Session  XX  of  the  Symposium  was  on  the  subject  of  breaching  of  mine  and  mine/obstacle 
fields  by  explosive  means  in  the  surf  zone  and  craft  landing  zone.  The  purpose  of  such  clearing  is  to 
allow  for  a  large-scale  assault  from  the  sea.  It  is  deemed  necessary  to  quickly  —  i.e.,  on  the  order  of 
two  hours  —  bring  in  assets  from  beyond  the  horizon  to  clear  50-yard  channels  of  all  mines  and 
obstacles  in  these  zones  for  the  landing  forces. 

There  were  several  papers,  both  theoretical  (most  on  scaling  laws)  and  experimental,  which 
treated  the  effectiveness  of  several  explosive  approaches  (line  charges,  explosive  nets  and  bombs)  in 
clearing  mines  and  obstacles  from  the  surf  zone  and  craft  landing  zone.  New  concepts  were  presented 
on  pulse  power  technology,  using  arrays  to  focus  pressure  waves  towards  specific  regions  to  clear 
the  lanes.  One  paper  described  a  system  under  development  by  the  Russians  which  uses  a  multiple 
rocket  barge  to  carpet  an  area.  Finally,  a  small  hand-held  system  for  clearing  a  narrow  walking  lane 
for  a  foot  soldier  was  described. 

We  are  indebted  to  Mr.  Lee  Hunt,  former  Executive  Director  of  the  Naval  Studies  Board  of 
the  National  Academy  of  Sciences,  for  bringing  together  the  contributors  to  this  Session,  and  for  the 
papers  that  are  included  in  this  Chapter. 
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FARMING,  ROAD-BUILDING  AND  PIPE-LAYING  EQUIPMENT 
IN  COUNTERMINE  /  OBSTACLE  APPLICATIONS 


It  seems  natural  to  look  to  the  civilian  sector  of  the  economy  for  approaches  to  working  in 
all  kinds  of  terrain.  Agricultural  machinery  must  be  robust  and  mobile.  So  must  heavy  road-building 
and  pipe-laying  equipment.  Just  look  at  the  environments  in  which  loggers  must  work. 

Since  the  First  Symposium  on  Technology  and  the  Mine  Problem  in  April  1995,  there  has 
been  considerable  interest  in  using  commercial  off-the-shelf  (COTS)  equipment  for  mine 
countermeasures/countermine  applications.  The  U.S.  Marine  Corps  has  tested  the  CLAUSEN  Power 
Blade  in  tough  beach  and  hard  pan  environents  for  its  ability  to  breach  both  minefields  and  heavy 
obstacles.  And  the  U.S.  Army  is  testing  various  devices  for  utility  in  Humanitarian  Demining  as  well 
as  militaiy  countermine  operations.  This  Chapter  contains  contributed  papers  that  deal  with  the  use 
of  such  heavy-duty  engineering  machinery.  Mr.  Bill  Baker  of  Clausen  Power  Blade,  Inc.  acted  as 
Session  chair  and  presented  the  vendor/entrepreneur  viewpoint.  His  paper  appears  in  this  Chapter. 
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‘‘COORDINATION  OF  DEPARTMENT  OF  DEFENSE  EFFORTS  FOR  THE  DISPOSAL 

OF  UNEXPLODED  ORDNANCE” 


Christopher  O’Domiell 

Naval  Explosive  Ordnance  Disposal  Technology  Division 
Indian  Head  MD,  20640 


SUMMARY 

There  is  increased  interest  in  the  Department  of  Defense  (DoD)  in  clearing  unexploded  e?q)losive 
ordnance  (UXO).  In  response  to  a  congressional  request,  DoD  has  established  a  UXO  Executive 
Committee  that  is  preparing  a  report  detailing  the  efforts  m  the  areas  of  detection  and  disposal  of 
UXO.  This  paper  describes  the  actions  taken  by  DoD  to  prepare  this  report  and  offers  the 
opportunity  for  those  currently  outside  the  DoD  UXO  community  to  take  part  in  this  effort. 

INTRODUCTION 

The  DoD  is  currently  facing  safety  hazards  associated  with  UXO  in  many  diverse  mission  areas. 
UXO  is  explosive  ordnance  prepared  for  action,  which  has  been  fired  or  placed  in  such  a  manner 
as  to  constitute  a  hazard  to  operations,  installations,  personnel  or  material  and  remains 
unexploded  either  by  malfimction  or  design  or  for  any  other  cause.  Since  the  DoD  is  the  sole 
customer  and  user  of  e?q)losive  ordnance  in  this  country,  DoD  has  recognized  that  it  is  the  single 
proponent  for  research  and  development  of  tools  and  techniques  to  deal  with  UXO.  In  order  to 
provide  the  most  benefits  from  these  research  and  development  efforts  in  a  time  of  diminishing 
resources,  a  coordinated  approach  to  the  problems  of  detecting  and  disposing  of  UXO  is  needed. 
Five  distinct  DoD  communities  are  involved  in  UXO  related  research;  Combat  Coimtermine, 
Explosive  Ordnance  Disposal  (EOD),  humanitarian  demimng,  active  range  UXO  clearance  and 
UXO  site  remediation.  Each  of  these  communities  has  varying  needs  and  applications  for  UXO 
clearance.  The  coordination  of  these  communities  will  allow  the  DoD  UXO  commimity  to  clearly 
define  future  of  DoD  UXO  research. 

In  September  of  1995  the  General  Accounting  Office  pubhshed  a  report  calling  for  a  coordinated 
approach  to  research  and  development  for  UXO  needs.  This  recommendation  was  forwarded  to 
the  DoD  by  House  National  Security  Committee  in  the  report  on  National  Defense  Authorization 
Act  for  FY96.  An  Office  of  the  Secretary  of  Defense  directive  in  June  of  1996  called  for  the 
establishment  of  a  UXO  Executive  Committee.  A  UXO  Clearance  Charter  was  then  established. 
The  charter  calls  for  a  DoD  UXO  Executive  Committee  to  be  formed,  with  members  firom  OSD, 
the  Services,  and  the  Joint  Staff.  This  includes  Director,  Strategic  and  Tactical  Systems;  the 
Service  Acquisition  Executives  (SAEs);  representation  from  Force  Structure,  Resources,  and 
Assessment  Directorate  of  the  Joint  Staff;  Deputy  Under  Secretary  of  Defense,  Environmental 
Security;  Director,  Test  Systems  Engineering  and  Evaluation;  Assistant  Secretary  of 
Defense(  Special  Operations/Low  Intensity  Conflict);  Director  of  Defense  Research  and 
Engineering  and  others. 

The  executive  committee  is  chaired  by  the  Under  Secretary  of  Defense  (Acquisition  & 
Technology),  or  his  designee.  The  committee  provides  policy  guidance  to  the  steering  group  as 
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needed  and  during  semi-annual  program  reviews.  The  executive  committee  ensures  that  the 
overall  UXO  effort  is  well- structured,  and  will  approve  the  jointly-developed  program  plan.  The 
plan  will  be  updated  periodically,  as  needed.  The  executive  committee  is  responsible  for  resolving 
any  unresolved  issues  between  the  participants.  The  executive  committee  also  liaisons  with  other 
Government  agencies  involved  in  UXO  clearance  by  extending  invitations  at  the  working-level  to 
attend  subgroup  meetings,  and  by  working  with  established  inter-agency  working  groups. 

Assisting  the  DoD  Executive  Committee  is  a  UXO  clearance  Steering  Group  (07/SES), 
responsible  for  communications  on  UXO-related  research,  development,  and  acquisition  matters. 
This  steering  group  resolves  issues  that  cannot  be  resolved  at  the  subgroup  level,  and  will  elevates 
issues  that  cannot  be  resolved  to  the  executive  conunittee.  The  steering  group  will  have  an 
alternating  Army  and  Navy  chair,  with  a  vice-chair  from  the  other  service. 

The  membership  of  the  steering  group  includes  members  from  the  Army,  Navy,  the  Marine  Corps 
and  the  Air  Force,  the  Joint  Staff,  designees  of  the  executive  committee  members  from  the  OSD 
staff,  and  others.  Additionally,  the  chairs  of  the  two  technology  subgroups  and  the  chair  of  the 
requirements  coordinating  subgroup  participate  in  the  steering  group.  Issues  that  cannot  be 
resolved  in  the  steering  group  will  be  referred  to  the  executive  committee. 

The  steering  group  annually  reviews  and  approves  an  integrated  plan  for  unexploded  ordnance 
clearance  that  describes  RDT&E  priorities,  program  management,  and  cooperative  activities  with 
international  programs.  This  plan  is  being  developed  from  the  inputs  of  a  UXO  clearance 
requirements  coordinating  subgroup  and  two  UXO  clearance  technology  subgroups. 

It  is  the  responsibility  of  the  three  subgroups  to  review  RDT&E  activities  across  mission  areas  to 
ensure  that  there  are  no  gaps  in  the  program,  and  that  there  is  no  unnecessary  duplication  of 
effort.  In  the  case  of  duplication,  the  subgroups  will  recommend,  to  the  steering  group,  a 
technically  sound  comse  of  action  to  either  eliminate  or  justify  the  duplication.  In  cases  where 
there  is  overlap  between  the  responsibdities  of  the  technology  subgroups,  it  will  be  the 
responsibility  of  the  Steering  Group  to  ensure  that  these  activities  are  appropriately  coordinated. 

The  three  groups  interact  to  prepare  the  DoD  UXO  Clearance  Plan.  The  subgroups  have  the 
following  responsibilities: 

1.  Requirements  Coordinating  Subgroup  (Fort  Leonard  Wood  Engineering  School/Joint 
Services  EOD  Deputy  Manager  for  Technology  cochairs) 

This  subgroup  provides  input  to  the  UXO  clearance  plan  from  the  UXO  user  communities  as 
to  current  requirements  and  anticipated  program  initiatives  in  each  specific  area.  The 
requirements  coordinating  subgroup  will  be  composed  of  a  user  representative  for  each  of  the 
technological  mission  areas:  (a)  combat  countermine  activities,  (b)  humanitarian  demhung,  (c) 
UXO  site  remediation,  (d)  active  range  UXO  clearance,  and  (e)  EOD.  Other  agency 
representatives  from  outside  DoD  may  also  be  invited  to  join  the  requirements  subgroup,  as 
needed,  and  will  serve  in  an  advisory  capacity. 

The  requirements  subgroup  works  with  each  technology  subgroup  to  ensure  that  selected 
technological  approaches  provide  an  effective  solution,  as  well  as  to  increase  leveraging  of 

8-4 


technological  approaches  that  present  a  potential  solution  for  specific  needs.  This  subgroup  does 
not  develop  new  requirements.  Each  of  the  communities  involved  has  their  own  process  for 
validating  and  funding  equipment  requirements.  This  group  focuses  on  harmonizing  the 
reqxiirements  of  the  communities  to  increase  the  probability  of  leveraging  ongoing  and  planned 
research  and  development  efforts. 

It  is  the  responsibility  of  the  technology  subgroups  to  demonstrate  that  R&D  activities  responding 
to  mission  area  requirements  are  fully  coordinated,  and  that  leveraging  of  similar  technology 
efforts  is  occurring.  There  are  two  technology  subgroups,  separated  broadly  by  function  as 
follows: 

2.  Detection/Location/Classification/Interrogation  Technology  Subgroup  (Army  chair). 

This  group  coordinates  RDT&E  activities  that  pertain  to  sensor  development  (detection  as 
well  as  classification  and  interrogation),  data  processing  and  management  including  advanced 
algorithm  development  and  sensor  fusion,  sensor  platforms  mchiding  autonomous  vehicles  and 
robotic  systems,  navigation,  and  registration  techniques. 

3.  Removal/Render  Safe/Neutralization/Disposal  Technology  Subgroup  (Navy  chair). 

This  group  coordinates  activities  that  pertain  to  technologies  for  excavation(including 
autonomous  vehicles  and  robotic  systems),  diq)osal,  breaching,  improved  render  safe 
capabilities,  data  and  information  management,  risk  management,  protection  of  personnel  and 
resources,  and  explosives  hazard  mitigation 

As  a  mmiTmiTTij  there  are  technical  representatives  in  each  technology  subgroup  from 
organizations  responsible  for  the  RDT&E  in  the  following  mission  areas:  (a)  Combat 
Countermine  Activity;  (b)  Humanitarian  Demining;  (c)  UXO  Site  Remediation;  (d)  Active  Range 
UXO  clearance;  and  (e)  Explosive  Ordnance  Disposal. 

Figure  (1)  provides  a  overview  of  this  organization. 

DISCUSSION 

The  basis  for  the  coordinated  plan  is  a  UXO  Database.  In  this  database  both  requirements  and 
technology  for  UXO  clearance  are  captured.  Each  record  in  the  database  contains  a  requirement 
section  that  calls  out  the  type  of  need,  detection  or  dii^osal,  and  what  fimctional  area  these  needs 
address.  The  fimctional  areas  of  concern  to  the  DoD  UXO  Community  are: 

Detection 

Detection 

Locate-Mapping 

Locate-Marking 

Identify/Evaluate/Exploit 
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DoD  Executive  Committee 
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Figure  1 


Disposal 

Breaching 

Access 

Neutralize/Render  Safe 

Recover 

Disposal 

Training 

In  the  disposal  area  these  functions  are  a  combination  of  the  functions  performed  by  each  mission 
area.  Table  1  provides  an  overview  of  these  fimctions. 


R-enisacn 

Mebaiziion 

□spGGai 

OdierreDeagi 

CcntEt 

OoLrtemine 

1.  Dedsicn 
Tods 

1.  Body  Traps 

2  Alitarrperirig 

3  hhrddgg'rg 
4.\^geteiicn 

5  Tenan 

1.  Mreite 

1.  Dsarm 

2  Destroy 
ZfJtKe 

4  Ftrdicn 
5Phod 

1.  Remxe 

1.CBFCD 

1.  Seif  Desbtct/ 
fsbireis 

2  Ccmrarl 
Detorate 

hLrraitarian 

Deniritig 

1.  Body  Traps 

2  Alitarrpeting 

3  hbrddggrg 

4.  N^getsticn 

5  Tarain 

1.  Mrefte 

2  Type 

1.  Destroy 
2M>e 

3  Ftrdicn 
4Ftaf 

1.  BCDFeetire 

2  RdectedFlBrg 

BflcaveOtharre 

□sposal 

1.  Ticiriiig 

1.  Body  Traps 

2  Attarperirg 

3  htrddggrg 
4\AgdE(icn 

5  Terran 

6  Bcaudicn 

1.  liOite 

2  Type 
3Mxiel 

1.  Fender  Safe 

2  Dsam 

3  Destroy 
4Mxe 

5  Ftrdicn 
ePhoof 

1.  F^smxe 

2FIICU 

3FU24 

4TiarHt 

EStcre 

icacD 

2  BTirarralat 
Corrpiarce 

1.  ECDFedire 

2  RrtededFtang 

Adi\eF%rgelJO 

Qesrarce 

1,  Traring 
2  Dedacn 
Tod 

1.  Attarperirg 

21-bTidggrg 

3\Agels(icn 

4.  Tenan 

5  Bcadicn 

6  Br/tonartsl 
Irrpad 

1.  LMDite 

2  Type 
3IVbdel 

1.  Render  Safe 
2  Destroy 
ZMyje 

4  Ftrdicn 

1.  Remae 
2FUat 

3  Transit 

4  Store 

ICBTCD 

2  BwrcnrrErtd 
Corrpiarce 
SQdance 
Scrap 

4  0ertfyScrap 

5  Dspcsalcf 
Scrap 

1.  BCDFeetire 

2  RdectedFLeirg 

3  Q'eenBpIcave 

4  SelTDestad/ 
ivbdraizB 

5  Ccmraxl 
Detorate 

LKOate 

Remsdciicn 

1.  Ttarirg 
2  Dedacn 
Tod 

1.  Attarrpehrg 
2  htrddggrg 
3\^gelEtjcn 

4  Tenan 

5  Bcaidicn 

6  Brircmarlsl 
Irrpad 

1.  DOIte 

2  Type 
3l\/txid 

1.  texlerSafe 
2  Destroy 
3Mxe 

4  Ftrdicn 

1.  Remxe 
2RJCU 
3TtarEit 

4  Store 

1.CBFCD 

2  BrirorTrErtal 
COrrpfarre 
3Qdarce 
Scrap 

4  Certify  Scrap 

5  Dsposalof 
Scrap 

I.BCDFedire 

2  FYdectedFuarg 

3  Q'eenBpICEive 

4  SetfDestnct/ 
NeUrsis 

5  COrmard 
Detorate 
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A  review  of  these  functions  show  both  the  similarity  and  diversity  of  these  functions.  While 
many  areas  are  similar  and  can  benefit  from  harmonization  of  requirements  and  review  of  like 
technologies,  many  other  functions  are  unique  to  the  mission  areas. 

The  disposal  sub-group  reviewed  these  fimctional  areas  and  the  output  of  the  requirements  sub¬ 
group.  The  fimctional  areas  were  further  defined  by  establishing  technology  thrust  areas.  These 
areas  allow  the  grouping  of  like  technologies  and  identify  their  application  to  UXO  Disposal 
needs.  The  nine  major  thrusts  are: 

Personnel  Protection  -  Eye  protection,  foot  to  groin  protection,  improved  ballistic  body 
armor.  Includes  interaction  modeling,  damage  assessment  testing,  material  development,  blast 
mitigation  techniques,  shields,  berms  and  barriers. 

Vehicle  Protection  -  Mine  blast  survivable,  sniper/artillery  survivable,  protect  from  UXO 
blast  and  fragment  hazards.  Includes  interaction  modeling,  damage  assessment  testing,  material 
development,  blast  mitigation  techniques  and  armor. 

Excavation  -  Remote  and  autonomous  excavation  of  buried  UXO.  Includes  remote 
control,  autonomous  control,  navigation,  force  feedback  control,  precision  manipulation  and 
effector  sensing. 

Booby  Trap  Access  -  Defeat  antidisturbance  features  including  trip  wire,  breakwire  and 
electronics.  Includes  grappling  hooks,  “silly  string”,  lasers,  signature  reduction,  electronic 
jamming  and  ejqilosively  driven  tools. 

Remote  Vehicles  -  unmanned  ground  vehicles  for  recoimaissance  and  manipulation  of 
UXO.  Technologies  include  remote  control,  autonomous  control,  precise  manipulation, 
navigation,  communication  and  perception. 

Area  Clearance  -  methods  for  rapidly  clearing  large  areas  of  landmines  and  UXO. 
Includes  distributed  explosives,  directed  energy,  armored  vehicles  with  plows/rakes/flail/rollers, 
remote  vehicles  for  moving  surface  munitions,  large  bombs,  subsurface  clearance  vehicles  and 
chemicaEbiological  remediation. 

Small  Charges  -  alternatives  to  standard  military  explosives  that  reduce  weight,  cost  and 
can  not  be  used  to  create  improvised  explosive  devices.  Includes  e?q)losive  formation/effects 
modeling,  explosive  formulation,  warhead  design,  fuze  design,  effects  testing  and  thermal  effects. 

Breaching  -  Rapid  breaching  of  mine  fields  and  surface  UXO.  Includes  distributed 
explosives,  armored  vehicles  with  plows/rakes/flail/rollers  and  large  bombs. 

Environmentally  Compliant  Disposal  -  methods  for  disposing  of  UXO  and  UXO 
components  that  reduce  impact  to  the  environment.  Includes  open  bum/open  detonation 
(OB/OD),  blowing  an  item  in  place  (BIP),  chemical  reaction,  thermal  reaction,  water  jet 
cleaning,  and  the  use  of  large  recycling  shredders. 
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The  current  capabilities  and  technology  development  programs  associated  with  UXO  disposal 
are  widely  spread  across  the  9  thrust  areas.  Capabilities  as  simple  as  a  can  of  “silly  string”  for  the 
detection  of  trip  wires  are  hsted  along  with  technology  development  programs  for  high  power 
laser  diodes  for  neutralization  of  UXO  are  listed  in  table  (2).  The  table  hsts  the  thrust  area, 
which  of  the  five  UXO  Mission  Areas  is  supported,  and  provides  a  preliminary  analysis  of 
current  and  future  capabihty. 

Current  UXO  clearance  missions  require  that  the  operator  access  a  explosive  hazard  area  that  is 
defined  by  the  landmine  and  UXO  upon  which  they  will  operate  and  those  landmines  and  UXO 
that  surround  the  targeted  item  A  current  deficiency  exists  in  the  weight,  bulkiness  and  high 
temperature  environment  that  accon^anies  the  use  of  mine  apparel  or  bomb  suits.  The  army  is 
currently  developing  materials  and  suit  designs  that  can  benefit  both  the  deminer  and  the  UXO 
clearance  operator.  Similar  technologies  are  currently  being  apphed  to  HUMMVs  and  other 
military  and  commercial  vehicles  to  increase  the  survivability  of  passengers.  Work  continues  in 
this  area  to  raise  the  upper  limit  of  survivability  when  actuating  a  landmine  or  large  UXO  item. 
EOD  Technicians  operating  in  Bosnia  have  found  that  current  EOD  tools  do  not  allow  for 
disruption  of  booby  traps  in  confined  areas.  Smaller  explosively  driven  tools  are  under 
development  to  address  this  need.  The  ability  to  dig  buried  UXO  lies  primarily  with  manually 
operated  backhoes  with  some  examples  of  single  remote  systems.  The  use  of  remote  systems  has 
proved  successful  in  operation  in  Bosnia  and  in  EOD  applications.  Systems  under  development 
for  the  last  few  years  are  now  completing  engineering  development  and  are  ready  to  field. 

Once  any  access  concerns  have  been  dealt  with,  the  neutralization  of  the  landmine  or  UXO  needs 
to  be  accomphshed.  This  can  be  done  by  rapid  breaching,  single  operators  against  one  target  or 
by  standoff  methods  using  directed  energy  or  robots.  Rapid  breaching  of  landmines  is  the  focus 
of  the  Anti-Personnel  Obstacle  Breaching  System  (APOBS)  and  the  Explosive  Standoff  Mine 
Breaching  (ESMB)  system  The  Navy  is  also  investing  in  Distributed  Explosive  Technology  and 
the  Marines  are  developing  the  Joint  Amphibious  Mine  Countermeasures  (JAMC)  system 
Single  operator  techniques  for  neutralization  focus  on  the  use  of  bulk  e?q)losives  or  specialized 
EOD  tools.  There  is  currently  no  tools  fielded  for  use  against  large  nvunbers  of  targets  such  as 
foimd  in  mine  fields  or  UXO  areas.  Current  systems  for  clearance  of  large  areas  rely  on  operator 
interaction  with  the  target  or  actuation  of  a  landmine  fuzing  mechanism.  Techniques  such  as 
Blow-in-Place  (BIP)  or  Pick-Up-and-Carry-Away  (PUCA)  have  been  used  to  rapidly  clear  areas 
of  landmines  or  UXO.  These  techniques  have  led  to  the  death  of  both  military  and  contractor 
personnel  in  clearance  operations  CONUS  and  OCONUS.  These  operations  are  normally  carried 
out  by  rapidly  trained  individuals  imder  the  supervision  of  an  EOD  Technician.  Accidents  occur 
due  to  the  complacency  and  boredom  associated  with  picking  hundreds  of  items.  BIP  carries 
additional  concerns  in  developing  nations  because  the  standard  military  e?q)losive  used  can  be 
acquired  and  used  to  fabricate  improvised  explosive  devices.  Combat  engineer  forces  have  a 
large  number  of  mechanical  and  electronic  devices  at  their  disposal  to  function  the  fiizing  in  a 
landmine  and  cause  detonation.  The  mechanical  items  (flails,  plows,  rollers,  etc)  cause  pressiue 
or  tilt  rod  fiizes  to  actuate.  Electronic  devices  such  as  VEMASID  project  a  magnetic  signatvue 
that  causes  magnetic  mines  to  actuate.  The  Army  is  also  developing  ORSMIC  to  cause  initiation 
of  other  fuzing  mechanisms.  These  effectiveness  of  these  systems  is  degraded  when  used  to  clear 
UXO  because  of  different  fiize  actuation  environments. 
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Table  2 


In  certain  environments,  the  disposal  of  landmines  and  XJXO  by  open  bxim/open  detonation 
(OB/OD)  methods  is  unacceptable.  No  systems  currently  exist  for  the  treatment  of  UXO  in  field 
environments.  XJXO  will  need  to  be  packaged  in  accordance  with  DOT  regulations  and  shipped 
to  a  hazardous  waste  disposal  facihty.  This  will  create  a  safety  hazard  to  the  general  public  due 
to  moving  UXO  in  an  unknown  state  oflF  of  military  land. 

Currently  the  Disposal  sub-group  is  working  with  the  requirements  and  detection  sub-group  to 
establish  a  defendable  evaluation  criteria  that  identifies  cmrently  capability  and  the  potential  for 
technologies  to  increase  that  capability.  Factors  that  must  be  taken  into  account  for  current 
capability  are:  safety,  resources  needed  to  perform  mission,  effect  on  pace  of  operations,  cost 
and  defined  user  needs.  For  technology  the  following  factors  must  be  addressed:  state  of 
technology,  promise  of  technology,  time  to  field  and  development  cost. 

CONCLUSIONS 

With  the  current  interest  in  the  clearance  of  UXO  from  so  many  diverse  connnunities  and  the 
pressures  of  a  reduced  budget  a  coordinated  approach  to  DoD  UXO  research  and  development 
is  critical.  By  using  a  requirements  driven  approach  we  can  ensure  that  the  scant  resources 
applied  to  this  area  provides  maximum  benefits  to  the  users  communities.  The  use  of  a 
requirements  driven  approach  that  is  has  sponsorship  by  more  than  one  of  die  user  communities 
will  also  assist  in  ensuring  these  technologies  are  defended  through  the  acquisition  process. 

The  harmonization  and  clarification  of  requirements  benefits  the  entire  academic,  contractor  and 
DoD  development  community.  An  electronic  database  of  requirements  will  allow  scientists, 
engineers  and  technicians  to  match  their  promising  idea  to  a  user  need.  This  will  reduce  false 
starts  and  allow  contractors  to  focus  their  own  research  on  real  user  needs. 

Coordination  of  technology  resoirrces  will  allow  a  wider  and  deeper  program  for  UXO.  By 
identifying  existing  programs  and  ensuring  maximum  leveraging  of  information,  the  resources  in 
these  mission  areas  can  be  applied  in  a  more  efficient  manner.  Instead  of  all  five  communities 
working  on  similar  robotics  systems,  one  community  effort  can  be  identified  as  lead.  This  would 
allow  the  other  communities  to  focus  their  resources  on  another  need  in  their  area. 

In  order  for  any  of  this  to  occur  the  UXO  database  must  be  completed.  Information  from 
existing,  past  and  planned  efforts  must  be  input  and  correlated  to  existing  requirements.  Ideas 
from  contractors  and  academia  must  be  input  and  evaluated.  Finally  the  database  must  be 
provided  to  the  DoD,  United  States  and  International  communities  associated  with  detecting  and 
disposing  of  UXO  or  any  other  buried  item. 

Recommendations 

In  order  to  see  this  process  through,  DoD  must  institutionalize  the  database  for  use  by  all 
interested  parties.  Feedback  from  users  and  developers  will  be  critical  to  ensuring  DoD  provides 
the  resources  to  continue  this  effort.  Finally,  more  input  is  needed  from  inside/outside  the  DoD 
community.  In  order  to  provide  our  soldiers,  sailors,  airmen  and  marines  with  the  finest  products 
with  the  limited  resomces  available,  all  potential  solutions  must  be  reviewed. 
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SURF  ZONE  TECHNOLOGY 


ENABLING  OPERA  TIONAL  MANEUVER  FROM  THE  SEA 


Daniel  A.  Crute 
Naval  Surface  Warfare  Center 
Coastal  Systems  Station 
Panama  City,  Florida 


INTRODUCTION 

The  central  naval  problem  is  now  one  of  crossing  hostile  littorals 
and  imposing  the  military  power  of  the  U.S.  onto  the  land. 

—  High  Seas,  ADM  William  A.  Owens 

Power  Projection  from  the  Sea 

The  global  changes  in  this  decade,  along  with  our  experience  in  Operation  Desert  Storm, 
have  led  to  a  fundamental  reshaping  of  our  national  military  strategy.  Naval  doctrine  is 
changing  to  reflect  this  reshaping  and  to  define  a  new  role  for  the  Navy  in  the  military 
strategy  of  the  future.  ...From  the  Sea  and  Forward... From  the  Sea  began  to  articulate  the 
new  Navy  role.  These  documents  emphasize  power  projection  from  the  sea  as  part  of  a 
new  focus  on  expeditionary  warfare. 

The  thrust  toward  expeditionary  warfare  has  led  to  a  new  emphasis  on  littoral  warfare, 
with  a  recognition  of  a  need  to  rapidly  cross  the  littoral  region  with  a  power  projection 
capability.  The  Marine  Corps  concept  of  Operational  Maneuver  from  the  Sea  (OMFTS) 
provides  the  means  for  accomplishing  this  rapid  movement  from  sea  to  shore.  The 
concept  emphasizes  swift  maneuver  from  over  the  horizon,  through  the  surf  zone  and 
beach,  to  objectives  ashore.  An  amphibious  assault  will  no  longer  be  a  slow,  deliberate 
operation  with  high  attrition  and  a  massive  build  up  of  combat  power  on  the  beach.  The 
fluid,  dynamic  operational  maneuver  will  move  swiftly  through  the  littoral  region  and  on 
to  inland  objectives. 


The  Challenge  of  Mines  and  Obstacles 

The  proliferation  of  mines  in  today’s  world  presents  a  formidable  challenge  to  the 
successful  accomplishment  of  the  OMFTS  concept.  Mines  provide  a  cheap,  lethal  threat 
that  even  the  less  developed  nations  can  utilize  to  defend  their  shores  against  such  a  power 
projection  attempt.  Mines,  possibly  combined  with  man-made  obstacles,  can  substantially 
restrict  the  mobility  of  our  forces  during  an  operational  maneuver. 
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A  clandestine  reconnaissance  capability  will  enable  our  forces,  in  some  cases,  to  exploit 
gaps  in  the  defenses,  going  around  the  mine  fields  rather  than  through  them.  However, 
some  warfighting  situations  will  require  a  capability  to  breach  the  mine  fields  and 
obstacles,  in  order  to  best  achieve  the  military  objectives.  Then,  we  need  a  rapid,  flexible, 
long  standoff  breaching  capability  to  catch  the  enemy  by  surprise  with  a  swift  maneuver 
through  rapidly  breached  mine  fields. 


TECHNICAL  CHALLENGES 

Power  projection  requires  mobility,  flexibility,  and  technology 
to  mass  strength  against  weakness. 

--  ...From  the  Sea 


The  Threat 

The  surf  zone  includes  the  region  from  ten  feet  of  water  depth  to  the  high  water  mark. 
Threat  mines  in  that  region  can  range  from  small  anti-personnel  and  anti-tank  mines  to 
much  larger  shallow  water  bottom  mines.  Mechanisms  to  initiate  the  mines  include 
pressure  plates,  tilt  rods,  chemical  horns,  and  magnetic  influence  fuzes.  Mines  are  often 
densely  concentrated,  and  may  be  combined  with  obstacle  defenses.  Obstacles  may  range 
from  heavy  concrete  barriers  to  much  lighter  steel  obstacles,  such  as  concertina  wire.  The 
possibility  of  direct  and  indirect  fire  from  the  shore  intensifies  the  lethality  of  the  combined 
threat. 


The  Environment 

The  wave  action,  currents,  and  rapid  change  in  the  surf  zone  make  it  a  difficult  operating 
environment.  The  turbidity,  bubble  content,  and  acoustic  noise  in  the  water  combine  to 
make  a  very  difficult  sensing  environment.  Many  of  the  techniques  for  reconnaissance  and 
clearance  in  deeper  water  or  on  land  do  not  work  effectively  in  the  surf  zone. 


The  Challenge 

The  difficulty  of  the  threat  and  the  environment,  along  with  the  operational  constraints  of 
OMFTS,  lead  to  significant  technical  challenges.  We  need  to  develop  technologies  for 
effective  sensing  in  the  surf  zone  environment.  We  need  technologies  to  enable  rapid, 
remote,  accurate  delivery  of  clearance  systems  from  over  the  horizon.  And  we  need  ways 
to  constantly  improve  the  effectiveness  of  our  clearance  systems,  utilizing  computational 
methods  to  optimize  clearance  capability. 
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INVESTIGA  TIVE  APPROACH 


fVe  will  experiment  with  the  latest  technologies,  concepts,  and  methods 
to  enhance  the  operational  effectiveness  of  our  forces. 

—  GEN  Charles  C.  Krulak,  CMC 

The  Surf  Zone  Technology  program,  sponsored  by  the  Office  of  Naval  Research,  utilizes  a 
dual  focus  approach  to  address  the  technical  challenges.  One  focus  area  concentrates  on 
developing  our  knowledge  base  of  physical  interactions  in  the  surf  zone.  This  involves 
testing  and  analysis  to  better  understand  the  vulnerability  of  mines  and  obstacles  and  to 
develop  explosive  effectiveness  models.  These  “knowledge  base”  efforts  divide  into  two 
main  thrusts:  Mine  Neutralization  and  Obstacle  Breaching. 

The  other  focus  area  concentrates  on  developing  innovative  technologies  to  enable  a  “next 
generation”  warfighting  capability.  The  emphasis  is  on  developing  the  rapid,  flexible,  long 
standoff  reconnaissance  and  clearance  capability  that  will  enable  operational  maneuver 
from  the  sea.  The  focus  on  advanced  concepts  includes  a  concept  assessment  process  and 
several  areas  of  new  technology  development. 


KNOWLEDGEBASE 

One  major  catalyst  of  change  is  the  advancement  of  technology. 
—  Warfighting  (USMC) 


Mine  Neutralization 

When  the  Surf  Zone  Technology  program  began,  in  1992,  the  main  focus  was  on 
developing  computational  analysis  capabilities  and  test  data  bases  to  predict  and  optimize 
the  performance  of  explosive  neutralization  systems  against  surf  zone  mines.  This 
emphasis  has  continued  as  one  of  the  thrusts  of  the  program.  The  Mine  Neutralization 
investigations  support  current  system  development  programs,  such  as  the  Assault 
Breaching  System  (ABS),  and  technology  demonstrations,  such  as  the  Explosive 
Neutralization  Advance  Technology  Demonstration  (EN-ATD).  The  Mine  Neutralization 
thrust  includes  three  projects:  Sand  and  Mine  Response  Models,  Explosive  Performance 
Models,  and  Mine  Vulnerability. 

The  Sand  and  Mine  Response  Models  project  is  developing  a  computational  capability  to 
predict  the  propagation  of  explosive  shock  through  the  complex  surf  zone  environment, 
which  includes  sand,  water,  and  entrained  air,  with  multiple  material  interfaces.  The 
computational  capability  is  being  developed  by  adapting  increasingly  sophisticated  material 
models  to  hydro-codes  and  coupled  hydrodynamic  /  structural  analysis  codes.  Controlled 
laboratory  testing  and  field  testing  provide  test  data  for  validation  of  the  computational 
methods. 
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The  Explosive  Performance  Models  project  is  developing  quick  analysis  tools  for  the 
optimization  of  explosive  line  charges  and  distributed  explosive  arrays.  These  models, 
based  on  hydro-code  results,  take  only  minutes  to  run  on  a  PC,  while  the  hydro-code 
models  require  hours  on  a  mainframe  computer.  The  models  predict  pressure,  impulse, 
and  energy  at  points  in  the  sandy  bottom,  resulting  from  explosive  shock.  The  first 
version  was  released  in  1996. 

The  Mine  Vulnerability  project  performs  tests  and  analyses  to  determine  the  vulnerability 
of  foreign  threat  mines  to  explosive  shock.  Threat  mines  vary  widely  in  construction  and 
initiation  mechanisms.  Each  mine  type  is  examined  for  internal  mechanical  details.  Finite 
element  models  are  developed  to  predict  vulnerabilities.  Explosive  tests  are  performed  to 
determine  actual  response  to  shock.  Vulnerability  studies  have  been  performed  for 
pressure  plate  anti-tank  mines,  tilt  rod  anti-tank  mines,  and  tilt  rod  anti-invasion  mines. 


Obstacle  Breaching 

Rapid,  remote  clearance  of  man-made  obstacles,  especially  when  combined  with  mine 
fields,  poses  a  difficult  problem.  Current  tactics  involve  SEAL  teams  with  satchel  charges 
in  a  very  difficult  and  dangerous  mission.  If  obstacles  are  surrounded  by  mines,  SEALs 
cannot  go  in  until  the  mines  have  been  neutralized. 

Many  of  the  concepts  under  consideration  for  obstacle  breaching  utilize  explosive  charges 
or  directed  energy  warheads.  To  better  understand  the  effectiveness  of  these  concepts, 
two  projects  are  investigating  the  vulnerability  of  obstacles:  Obstacle  Vulnerability  and 
Bomb  Effects. 

The  Obstacle  Vulnerability  project  includes  testing  and  computational  analysis  to 
investigate  the  vulnerability  of  heavy  concrete  obstacles  to  various  types  of  directed 
energy  warheads.  Warheads  tested  have  included  shaped  charges,  explosively  formed 
penetrators  (EFPs),  kinetic  energy  penetrators,  and  others.  These  were  tested  against 
unreinforced  concrete  targets,  primarily  four  foot  cubes.  The  damage  rules  resulting  from 
tests  and  analysis  will  provide  a  tool  for  optimizing  warheads  against  concrete  targets. 

The  Bomb  Effects  project  is  investigating  the  effects  of  existing  bombs  against  a  variety  of 
obstacle  types.  Computational  analysis  and  testing  will  determine  the  effects  of  single 
detonations,  sequential  detonations,  and  simultaneous  detonations,  both  in  air  and  in  water 
(surf  zone  depths).  The  resulting  damage  models  will  enable  us  to  evaluate  and  optimize 
various  concepts  for  using  guided  bombs  to  breach  obstacle  bands. 
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ADVANCED  CONCEPTS 


We  will  emphasize  high  leverage,  leading  edge  technology  enhancements 
to  increase  our  capabilities. 

—  Joint  Vision  20 JO 

The  rapid  advance  of  technology  makes  possible  tomorrow  what  can  only  be  imagined 
today.  Throughout  the  history  of  warfare,  and  especially  modem  warfare,  the  nation  that 
has  utilized  the  best  available  technology  has  gained  a  distinct  advantage.  The  accelerating 
pace  of  technological  advancement  in  the  world  today  demands  that  we  constantly  look 
into  the  future  and  determine  how  emerging  technologies  can  enhance,  or  revolutionize, 
our  warfighting  capabilities  for  tomorrow. 

The  Advanced  Concepts  focus  area  of  the  Surf  Zone  Technology  program  is  identifying 
and  developing  concepts  that  apply  emerging  technologies  to  provide  a  “next  generation” 
capability  for  reconnaissance  and  clearance  in  the  surf  and  beach  zones.  The  aim  is  to  fully 
enable  the  operational  concepts  envisioned  for  the  future  by  the  Navy  and  Marine  Corps, 
such  as  OMFTS.  To  accomplish  that,  a  Concept  Assessment  project  was  initiated  in  FY 
1996,  which  has  led  to  two  new  projects  focused  on  Long  Standoff  Delivery  and  Surf 
Zone  Reconnaissance. 


Concept  Assessment 

Focusing  initially  on  certain  high  payoff  opportunities 
will  create  a  leap  in  our  amphibious  power  projection  capability. 

—  MCM  in  Littoral  Power  Projection  (USMC) 

The  Concept  Assessment  project  was  initiated  to  provide  a  systematic  process  for 
evaluating  the  numerous  advanced  concepts  proposed  for  surf  zone  reconnaissance  and 
clearance.  The  process  includes  investigations  into  technical  feasibility  and  operational 
utility,  to  enable  wise  decisions  for  investment  in  technology  development.  Beginning 
with  a  broad  search,  the  process  gradually  narrows  the  focus  to  technologies  with  the 
highest  payoff  potential. 

The  Advanced  Concepts  Steering  Committee  (ACSC)  serves  as  the  recommending  body 
for  the  Concept  Assessment  process.  Members  come  from  a  wide  range  of  organizations, 
including  representatives  from  the  fleet,  the  requirements  and  acquisition  communities, 
and  the  science  and  technology  communities.  The  ACSC  meets  once  a  year  to  review  the 
latest  proposals  and  investigations,  making  recommendations  for  the  initiation  of  concept 
studies,  warfare  analyses,  and  further  technology  development  and  demonstration.  The 
Committee  met  for  the  first  time  in  June  1996,  and  recommended  investigations  into  long 
standoff  delivery  of  guided  bombs  for  obstacle  clearance  and  the  use  of  small  autonomous 
vehicles  for  surf  zone  reconnaissance. 


8-17 


Long  Standoff  Delivery 


Long  range  precision  capability,  combined  with  a  wide  range  of  delivery  systems, 
is  emerging  as  a  key  factor  in  future  warfare. 

—  Joint  Vision  2010 

Rapid  improvements  in  precision  delivery  and  autonomous  guidance  and  control  are 
converging  to  enable  new  possibilities  for  delivery  of  clearance  systems  from  over  the 
horizon.  Several  GPS-guided  glider  delivery  concepts  have  been  investigated  in  the  Surf 
Zone  Technology  program.  Warfare  analysis  indicates  that  a  combination  of  several 
clearance  systems  with  guided  glider  delivery  could  clear  two  breaching  lanes  on  typical 
beaches  in  approximately  thirty  minutes,  providing  a  tremendous  step  forward  toward  a 
rapid,  flexible,  long  standoff  capability. 

The  Long  Standoff  Delivery  project  is  investigating  technologies  for  delivering  guided 
bombs  from  over  the  horizon  to  breach  bands  of  obstacles.  This  mission  will  require 
highly  accurate  placement  with  near  vertical  orientation  of  the  bomb  at  impact  to  optimize 
the  effects  of  fragmentation  of  the  bomb  case.  Yet,  the  delivery  package  must  remain 
relatively  low-cost  to  allow  for  the  numbers  required  for  a  breaching  mission.  An  analysis 
of  options,  supplemented  by  modeling  and  simulation,  will  determine  the  key  technologies 
to  pursue  for  enabling  long  standoff  delivery  for  obstacle  breaching. 


Surf  Zone  Reconnaissance 

The  ability  to  take  advantage  of  opportunity 
is  a  function  of  speed,  flexibility,  boldness,  and  initiative. 

-  Warfighting  (USMC) 

Maneuver  warfare  involves  the  rapid  exploitation  of  opportunities,  utilizing  tempo  and 
surprise,  to  shatter  the  enemy’s  cohesion.  A  key  to  seizing  opportunity  is  effective 
reconnaissance.  The  force  commander  who  knows  the  defenses  and  the  actions  of  his 
enemy  has  a  distinct  advantage. 

Studies  confirm  that  a  reconnaissance  capability  in  the  surf  zone,  identifying  locations  of 
mines  and  obstacles,  would  dramatically  increase  our  ability  to  maneuver  safely  through 
gaps  or  cleared  lanes.  Airborne  and  undersea  surveillance  and  reconnaissance  capabilities 
are  improving  rapidly,  but  have  severe  limitations  in  the  surf  zone  environment.  A  unique 
surf  zone  reconnaissance  capability  is  needed  to  complement  the  existing  and  developing 
systems  for  wide  range  surveillance  and  reconnaissance. 

The  Surf  Zone  Reconnaissance  project  is  investigating  technologies  to  enable  a  network  of 
small,  autonomous,  bottom-crawling  vehicles  to  perform  reconnaissance  operations  in  the 
surf  zone.  The  key  technical  challenges  are: 
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-  Sensing  in  the  surf  zone  environment 

-  Navigation  and  location  for  small  vehicles 

-  Communication  from  vehicles  to  the  network  hub 

-  Vehicle  stability  and  mobility 

This  effort  builds  on  recent  technology  developments  in  small  autonomous  vehicles,  close 
proximity  sensors,  and  underwater  communications.  The  concept  involves  a  network  of 
autonomous  vehicles  searching  the  surf  zone  with  multiple  sensors  and  reporting  back  or 
marking  the  locations  of  mines  and  obstacles.  Such  a  capability  will  enable  the  incoming 
forces  to  exploit  gaps  in  the  defenses  or  target  the  existing  defenses  with  precision-guided 
breaching  systems. 


VISION  FOR  THE  FUTURE 

Power  projection,  enabled  by  overseas  presence,  will  likely  remain 
the  fundamental  strategic  concept  of  our  future  forces. 

—  Joint  Vision  2010 

As  we  peer  into  the  mist  of  the  future,  many  factors  combine  to  increase  the  uncertainty  of 
our  predictions  —  unstable  politics,  volatile  nations,  and  rapidly  advancing  technology.  In 
the  midst  of  these  uncertainties,  we  must  discern  the  trends  in  order  to  anticipate  the 
future  as  well  as  possible,  enabling  us  to  harness  the  dynamics  of  change  to  our  advantage, 
rather  than  resisting  change  and  being  trampled  by  it. 

In  the  Surf  Zone  Technology  program,  we  have  made  every  effort  to  anticipate  the  future. 
We  have  consulted  with  fleet  staffs,  doctrine  developers,  MCM  commanders,  scientists, 
and  technologists  to  gather  information  on  trends  for  the  future.  We  have  been  assisted  by 
experienced  naval  officers  in  developing  operational  concepts  that  describe  a  generalized 
power  projection  operation  in  approximately  the  year  2010.  These  concepts  provide  an 
operational  framework  for  the  Concept  Assessment  process,  so  that  advanced  system 
concepts  can  be  evaluated  in  the  context  of  a  future  operation.  Workshops,  Broad 
Agency  Announcements,  and  brainstorming  sessions  have  provided  the  ideas  for  advanced 
concepts  that  will  apply  new  technologies  to  the  surf  zone. 

We  have  taken  care  to  ensure  that  our  vision  of  the  future  supports  the  broader  vision  of 
the  Navy  and  Marine  Corps,  as  expressed  in  documents  such  as  Concept  of  Operations  for 
Mine  Countermeasures  in  the  21st  Century  and  A  Concept  for  Mine  Countermeasures  in 
Littoral  Power  Projection.  The  technologies  currently  in  development  in  the  Surf  Zone 
Technology  program,  and  elsewhere,  have  the  potential  to  bring  the  vision  to  reality. 
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Continuum  of  Capability 


To  turn  vision  to  reality,  we  must  have  a  strategy  to  get  from  here  to  there.  That  strategy 
must  provide  a  continually  improving  capability,  while  moving  toward  the  ultimate  goal. 
The  current  acquisition  programs  (6.4),  technology  demonstration  programs  (6.3),  and 
exploratory  development  programs  (6.2)  lead  to  a  progression  of  improvements  that  will 
provide  a  continuum  of  capability,  culminating  in  a  rapid,  flexible,  long  standoff  capability 
that  will  enable  swift  maneuver  from  over  the  horizon. 


Military  Payoff 

The  reconnaissance  and  clearance  technologies  developing  in  the  Surf  Zone  Technology 
program  have  the  potential  for  tremendous  military  payoff  in  critical  areas.  The  surf  zone 
reconnaissance  efforts  will  enable  the  exploitation  of  gaps  in  the  enemy’s  defenses  and 
dramatically  increase  our  ability  to  clear  quickly  by  identifying  the  location  of  mines  and 
obstacles.  A  long  standoff  clearance  capability  will  facilitate  swift  surprise  attack,  while 
reducing  risk  to  personnel  through  the  use  of  remote  systems.  The  knowledge  base  of 
explosive  performance  models  and  target  vulnerability  data  will  provide  tools  to  optimize 
clearance  effectiveness,  improving  the  effectiveness  of  the  military  operation  and  reducing 
lift  requirements.  All  this  contributes  to  a  power  projection  capability  that  will  overwhelm 
the  enemy  with  swiftness  and  effectiveness. 


Enabling  Operational  Maneuver 

We  specialize  in  maneuver  warfare  from  over  the  horizon, 
using  the  ocean  to  project  force  at  soft  points  in  the  enemy ’s  defense. 

—  ...From  the  Sea 

Expeditionary  Warfare  requires  a  strong  power  projection  capability  that  can  be  rapidly 
applied  anywhere  in  the  world.  Operational  Maneuver  from  the  Sea  pits  our  strength 
against  the  enemy’s  weakness  by  catching  him  off  guard  with  quickness  and  surprise.  Our 
forces  of  the  future  must  have  speed,  agility,  and  flexibility  coupled  with  reconnaissance 
and  clearance  capabilities  that  will  enable  them  to  go  around  or  through  any  impediment. 

The  technologies  and  concepts  now  in  development  in  the  Surf  Zone  Technology  program 
can  provide  our  forces  with  the  means  for  moving  rapidly  across  the  surf  zone  and  beach, 
enabling  operational  maneuver  from  over  the  horizon  to  objectives  ashore.  Clandestine 
reconnaissance,  long  standoff  breaching  systems,  and  effective  clearance  capabilities  will 
give  the  force  commander  the  ability  to  exploit  or  create  gaps  as  the  situation  requires. 
With  a  combination  of  a  knowledge  base  to  optimize  effectiveness,  advanced  concepts  to 
enable  swift  maneuver,  and  an  assessment  process  that  ties  new  concepts  together  into  a 
cohesive  operational  concept,  the  Surf  Zone  Technology  program  is  providing  keys  to 
enable  our  expeditionary  forces  to  project  power  from  sea  to  land  in  tomorrow’s  world. 
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THUNDER-ROAD:  Ballistically  Delivered  Distributed  Explosive  Nets 


Donald  Robeson,  NSWC,  Coastal  Systems  Station 
Michael  Farinella,  Foster-Miller,  Inc 
Amis  Mangolds,  Foster-Miller,  Inc 


Summary 

Thunder-Road  is  a  project  for  developing  the 
technologies  for  packaging  and  deploying 
distributed  explosives  from  conventional  bomb 
casings.  The  Thunder-Road  concept  is 
adaptable  to  any  distributed  net  or  film  system, 
however,  during  this  program  it  has  been 
developed  for  the  delivery  of  detonation  cord 
suitable  for  defeating  surf  zone  threats.  The 
advantages  of  such  a  system  for  in-stride 
breaching  include:  delivery  by  conventional 
fixed  wing  aircraft,  immediate  flexible  response 
to  a  minefield’s  geometry  and  the  ability  to  hold 
the  minefield  clearing  munitions  in  real  time 
reserve.  The  modular  approach  is  advantageous 
for  stability  of  the  array  in  the  surf  zone  as 
compared  to  larger  strip  type  deployments. 

The  Thunder-Road  design  approach  considers 
the  physical  properties  of  the  net,  design  of  the 
net  to  minimize  aerodynamic  drag,  ejection  from 
the  bomb  casing,  fast  uniform  deployment,  and 
the  surf  zone  hydrodynamics.  Tests  have  shown 
that  a  detonation  cord  net  can  be  packaged  and 
deployed  from  conventional  Mk-65  Quickstiike 
and  the  SUU-76  type  casings  within  their 
ballistic  envelopes.  Designs  indicate  that  the 
concept  is  generally  adaptable  to  any  bomb,  or 
missile  launched  munitions.  The  result  is  that 
conventional  Marine,  Navy  or  Air  Force  close 
air  support  aircraft  and  tactics  can  be  used  for 
the  surf  zone  mine  clearance  problem.  This 
paper  describes  the  results  of  the  deployment 
and  in-water  tests  conducted  in  development  of 
this  technology. 

Concept  of  Operation 

The  goal  of  this  project  is  to  develop  the 
technologies  and  techniques  that  enable  bomb 
delivery  of  distributed  explosive  arrays  that  are 


packaged  in  a  space  efficient,  ordnance  certified 
container.  The  goal  is  to  provide  tested,  proven 
alternatives  to  the  current  developmental  LCAC 
mounted  rocket  deployed  delivery  system  for 
explosive  arrays. 


Deployment  is  achieved  by  executing  a  series  of 
timed  events  that  free  the  payload  and  then  open 
the  net  (Figure  1).  Fused  by  a  ground  proximity 
sensor  an  explosively  split  casing  is  triggered 
and  disgorges  the  net  package  free  from 
ancillary  hardware.  A  timed  or  mechanically 
tethered  fuse  simultaneously  ignites  several 
small  rockets  that  evenly  pulls  the  net’s 
perimeter  in  a  radial  direction.  The  net  and 
package  are  designed  to  minimize  the 
aerodynamic  resistance  by  maintaining  a  low 
exposed  profile  during  the  opening  event.  At 
water  impact  the  rockets  gradually  shut  down  to 
minimize  snapback.  The  net  sinks  to  the  bottom 
and  after  a  predetermined  interval  of  time  or  on 
command,  detonation  occurs. 


Jel  Cord  Cutlers  Split 
Casing  and  Separata 
Nose  and  Tail 


Rockets  Rre 
-Initial  Ooploymenl 


Low-Drag 

Deployment 
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Figure  1 .  Thunder  Road  Concept 
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Technical  Issues 

The  Thunder  Road  concept  relies  on  multiple 
small  rockets  being  able  to  expand  a  net  at  a 
location  close  to  the  ground.  The  planned 
approach  for  this  effort  has  been  to  focus  on 
identifying  the  critical  design  elements,  testing 
full  scale  net  sections,  and  then  testing  full 
scale  net  arrays.  Other  critical  elements  include 
fusing  and  deployment  sequencing,  canister 
ejection  mechanism,  and  coverage  reliability. 

Very  little  information  on  similar  systems  exists 
in  the  literature  with  the  closest  being  parachute 
systems.  Unfortunately  the  Thunder  Road  array 
has  a  porosity  value  of  95%,  and  the  parachute 
models  are  generally  only  applicable  to  12% 
porosity  limits.  If  a  Thunder  Road  array  were 
designed  differently  using  the  12%  porosity 
level  the  extra  material  required  would  double 
the  necessary  volume  needed,  and  increase 
opening  time,  from  less  than  a  second  to  tens  of 
seconds,  with  a  resulting  decrease  in  accuracy. 

Models  have  been  recently  developed  by  the 
Explosive  Neutralization  ATD  which  model  the 
lateral,  down  range  flight  of  a  similar  array 
when  propelled  by  rocket  motors.  The  outcome 
of  this  effort,  including  drag  coefficients  and 
modeling  approach,  have  been  used  to  develop  a 
working  model  of  the  Thunder  Road  system. 
Initial  studies  helped  define  the  number  of 
rockets,  required  burn  time,  and  expected 
trajectory  of  the  system. 

From  a  technological  perspective  the  following 
items  were  identified  as  being  critical  to  the 
success  of  Thunder  Road.  This  paper  focuses 
primarily  on  the  first  issue,  and  touches  briefly 
on  the  other  issues. 

•  Develop  approaches  for  reliable  array 
extraction,  spreading,  and  maintaining 
expansion  while  experiencing  dynamic 
loading  associated  with  dropping  the  bomb 
at  operaional  speeds. 

•  Develop  technologies  to  optimize  array 
packaging  and  minimize  damage. 


•  Determine  placement  accuracy  of  multiple 
arrays. 

•  Assess  stability  of  net  design  to  surf  zone 
hydrodynamic  environment. 

Previous  studies  of  rocket  deployed  systems 
have  shown  that  while  scaling  can  be  used  in  the 
early  stages  to  save  costs,  the  drag,  surf  stability, 
and  other  environmental  effects  can  only  be 
understood  at  full-scale  sizes.  Similarly,  the 
mechanism  for  separating  and  pushing  apart  the 
bomb  casing  is  being  performed  at  full-scale. 
Preliminary  tests  are  conducted  at  smaller  scales 
where  appropriate.  While  it  could  be  argued 
that  smaller  scale  tests  would  be  more  cost 
effective,  it  was  felt  that  this  would  leave  so 
many  unanswered  questions,  it  would  not  be 
useful.  In  summary,  the  size  of  the  array  that 
can  fit  in  the  bomb  casing  allows  a  full-scale 
deployment  and  produces  a  more  robust  and 
defensible  concept. 

Technical  Accomplishments 

The  following  discussions  describe  the  testing 
performed  to  analyze  the  technical  issues. 

Surf  stability  tests 

An  analysis  of  the  effect  of  wave  forces  on  the 
drift  of  the  array  in  the  surf  zone  was  conducted 
and  indicated  that  the  array  would  maintain  its 
shape  on  the  bottom.  The  full-scale  array  was 
next  tested  in  a  wave  tank  (Figure  2)  to  measure 
sink  rate  and  stability  in  surf.  Test  conditions 
simulated  a  high  sea  state  2  surf  condition.  The 
results  were  encouraging  and  suggested  that  the 
chosen  circular  design  was  consistent  with  the 
predicted  performance  and  will  remain 
relatively  stable  in  the  surf  zone. 


Figure  2.  Surf  Zone  Stability  Tests 
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Drop  testing 


A  major  portion  of  the  verification  testing  for 
assessing  the  performance  of  the  Thunder  Road 
system  at  various  stages  of  development  has 
been  achieved  by  drop  tests.  Testing  started 
with  drops  from  a  small  tower,  followed  by 
drops  from  large  cranes,  and  most  recently 
testing  from  commercial  helicopters.  These 
tests  are  summarized  in  Table  1. 

B-Series  Tests 


The  packaged  array  for  the  B-series  tests  was 
designed  to  fit  within  the  volume  allowable  in  a 
Mk  65  Quick  Strike  mine  casing  (21”  diameter, 
72”  tall)  as  shown  in  Figure  3.  The  net  design 
was  customized  for  Thunder  Road  applications 
to  minimize  material  volume  while  maintaining 
the  necessary  grid  spacing  between  detonation 
cord  centers.  A  herringbone  pattern  for  the 
array  was  chosen  as  the  best  choice  to  minimize 
volume,  minimize  number  of  splicing  required 
(reduces  manufacturing  costs  and  improves 
reliability),  and  minimizes  fabrication  space. 


Figure  3  Packaged  Array 


Table  1 .  Drop  Testing  Results 
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Execution 

vc-i---?.;  Results 

A-l 

8  fps  velocity 

No  problems 

100%  coverage 

18  fps  velocity,  surrogate 
material 

No  problems 

95%  coverage  (fold  back) 

B-3 

50  fps  velocity 

Premature  impact,  single 
rocket  failure 

55%  coverage  at  impact 

B-4 

87  fps  velocity 

Single  harness  failure 

65%  coverage 

C-5 

40  fps  velocity 

Center  support  section 
interfered  with  array 

100%  coverage  in  air 

C-6 

300  fps  velocity,  surrogate 

Fuse  did  not  initiate 

Case  split,  but  no  test  on  array 

array  material 

rockets 

expansion 

C-7 

300  fps  velocity,  inert  array 
material 

Fuse  initiated  early 

75%  of  net  fully  opened  in  air, 
center  accelerated  past  edges, 
no  coverage  loss  due  to  line 
damage 

C-8 

300  fps  velocity,  rockets  135 

Fuse  did  not  cut  array 

Case  split,  good  timing,  no  test 

degrees  relative  to  fall 

strapping  material 

on  array  expansion 

A  series,  51  ft  diameter  net,  8  rockets,  90  deg  relative  to  fall  direction,  square  mesh,  0.7  sec  opening  time 
B-series,  100  ft  diameter,  8  rockets,  90  deg  relative  to  fall,  herringbone  mesh,  1.2  sec  opening  time 
C-series,  70  ft  diameter,  16  rockets,  45  deg  relative  to  fall,  herringbone  mesh,  0.65  sec  opening  time 
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Full  scale  deployment  tests  on  net  sectors  were 
conducted  to  finalize  choice  of  a  rocket  motor 
for  spreading  the  array. 

The  initial  test  series  was  conducted  to 
demonstrate  dynamic  deployment  of  a  net  array 
for  high  drag  type  bomb  systems.  The  final  test 
showed  the  capability  to  deploy  the  net  warhead 
at  a  descent  rate  approaching  100  fps. 

A  key  design  factor  in  any  array  design  of  this 
type  is  to  minimize  the  drag  of  the  system. 
Figure  4  shows  an  overhead  view  of  drop  B-4 
which  illustrates  the  tendril  design  of  this  array. 
The  array  does  not  spread  fully  until  the  rockets 
reach  maximum  extension.  This  approach 
significantly  reduces  the  exposure  time  for  the 
array  to  wind  and  drag  effects,  and  produces  an 
accurate,  predictable  deployment  shape. 


Figure  4  Overhead  (from  crane)  Photo  of  Eight 
Rocket  Array  Deployment 


As  expected,  a  significant  amount  of  axial  drag 
was  observed,  but  the  rocket  motors  were,  in 
most  cases,  able  to  expand  the  array  prior  to 
landing  on  the  ground.  The  array  did  not  fully 
expand  due  to  a  failure  of  one  of  the  rocket 
motor  harnesses.  This  failure  caused  that 


section,  as  well  as  the  adjacent  ones,  to 
experience  an  after-impact  foldback  that 
reduced  the  overall  expansion  to  less  than  70 
percent.  It  is  evident  from  the  video  records  and 
post-test  inspection,  that  the  broken  rocket 
harness  was  responsible  for  this  result,  and  if  the 
harness  did  not  break,  the  array  would  have 
fully  expanded. 

The  test  results  indicated  the  need  to  better 
understand  the  sensitivity  of  a  single  rocket 
motor  failure  on  the  performance  of  the  system. 
Post  test  analysis  made  it  apparent  that  a 
desirable  feature  would  be  to  increase  the 
number  of  rockets  used  to  spread  the  array  from 
eight  to  sixteen.  This  approach  reduces  the 
effect  of  a  rocket  failure  impacting  the  total 
array  final  shape. 

Analysis  of  the  test  results  also  indicated  that  it 
would  be  desirable  to  increase  the  rocket 
thrust/weight  ratio  above  the  1.2  value  used  in 
the  B-series  tests.  These  factors,  along  with 
lessons  learned  with  respect  to  packaging  and 
array  spreading,  resulted  in  the  C-series  design 
which  utilizes  sixteen  smaller  rockets.  The 
resulting  design  modification  increased  the 
systems  overall  thrust/weight  ratio  from  1 .2  to 
3.4.  The  design  intent  was  to  maximize  power 
for  opening  the  array  quickly  in  a  high  drag  flow 
regime,  as  planned  in  the  C-series  tests. 

C-Series  Tests 

Completion  of  the  B-series  tests  marked  the  next 
phase  in  the  development  process:  to  interface 
the  array  with  a  suitable  bomb  dispensing 
package.  After  review  of  several  packages, 
assessing  availability,  and  a  desire  to  minimize 
reinventing  known  technology,  the  SUU-76 
dispensing  package  was  chosen  as  the  baseline 
package  for  this  phase 

Internal  volume  in  the  SUU-76  (12”  diameter, 
64”  length),  results  in  a  smaller  baseline  array 
size  of  70-75  ft  diameter,  but  the  SUU-76  has 
the  advantage  of  being  an  existing  split  case 
design  and  aircraft  are  capable  of  carrying  more 
units  per  sortie  than  a  Mk  65  design.  The 
canister  is  split  open  by  a  linear  shaped  charge 
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which  runs  down  the  length  of  the  canister  at 
two  locations. 

Several  SUU-76  canisters  were  obtained  from 
scheduled  demilitarization  assets,  and  this 
allowed  for  interface  and  integration  testing 
which  are  very  meaningful  in  this  phase  of  the 
effort. 

Two  critical  tests  were  successfully  executed 
prior  to  testing  an  integrated  warhead  at  high 
speed  from  a  helicopter  drop.  The  first  test  was 
an  interface  test  consisting  of  splitting  the 
canister  and  looking  for  damage  to  the  array. 
This  test  was  successfully  performed  and  no 
damage  was  found  to  the  array  system.  This  test 
indicated,  as  expected,  that  the  linear  shape 
charge  did  not  transfer  excessive  pressure  or 
loading  to  the  array  or  the  rocket  assembly 
during  the  splitting  process. 

The  second  critical  test  (C-5)  consisted  of  a 
repeat  of  the  crane  drop  for  the  revised  sixteen 
rocket  configuration.  The  deployment  sequence 
can  be  clearly  seen  in  Figure  5.  All  rockets 
functioned  well  pulling  the  array  evenly  from  its 
packaged  state.  The  total  time  for  array 
deployment,  represented  by  the  series  of  photos 
in  Figure  5,  is  under  one  second. 

The  conical  shape  is  due  to  the  initial  45  degree 
downward  launch  angle  and  low  drop  velocity. 
This  same  shape  is  not  expected  at  the  higher 
operational  velocities.  The  array  perimeter 
velocity  was  measured  from  video  at  1 10  fps 
while  the  center  of  the  array  was  at  65  fps. 

First  order  modelling  and  observing  the  data 
from  scaled  ballistic  net  tests  (executed  on  an 
unrelated  FMI  program)  determined  that  the  45 
degree  downward  rocket  configuration  was 
ballistically  preferred  for  promoting  array 
'flatness’.  The  models,  however,  are  limited 
and  have  not  accounted  for  rocket  thrust  biasing 
due  to  the  rocket-bridle-net  system  relationship. 
The  helicopter  based,  operational  speed  test 
goals  are  to  validate  the  modelling  accuracy  and 
ultimately  determine  the  optimal  rocket  angle  to 
maximize  system  coverage. 


Figure  5.  Deployment  Sequence 

Helicopter  Drop  Tests 

The  most  recent  tests,  C-6  through  C-8,  are 
being  executed  as  a  partially  integrated  package 
deployed  from  a  commercial  helicopter.  The 
array  is  packaged  inside  a  SUU-76  munitions 
canister  and  dropped  from  a  height  of  2000  ft. 
The  package  free  falls  to  achieve  operational 
velocities  and  at  a  predetermined  time  interval 
the  system  is  fused  to  deploy  the  array.  The 
fuse  initiates  the  firing  sequence  of  the  linear 
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shape  charge,  splitting  the  canister,  and  after  a 
delay  initiates  the  rockets  to  deploy  the  array. 

In  the  tests  performed  to  date,  all  of  the 
elements  necessary  for  a  successful  deployment 
have  been  demonstrated,  however,  all  of  the 
elements  have  not  been  demonstrated  on  the 
same  test. 

Significant  components  which  have  been 
demonstrated  include: 

•  Split  case  does  not  interfere  with  net 
deployment 

•  The  perimeter  rockets  supply  sufficient 
power  to  the  array  perimeter  to  overcome 
the  operational  speed  induced  drag 

•  Damage  to  the  physical  material  of  the 
fragile  net  (inert  explosive  simulant)  was 
minimal  and  would  not  effective  explosive 
coverage.  This  indicated  that  the  array 
could  absorb  the  forces  without  destroying 
the  integrity  of  the  explosive  train. 

•  The  array  opens  at  least  30%  faster  in  the 
high  drag  tests  (<0.5  sec)  than  in  the  low 
drag  test  (0.65  sec). 

•  The  vertical  standoff  required  to  completely 
open  the  array  at  300  fps  is  less  than  100  ft 
above  ground  level. 

It  is  clear  that  even  in  this  high  drag  regime  the 
rockets  are  able  to  extract  the  array  very  quickly 
and  uniformly.  This  allows  for  deployment 
close  to  the  ground  which  reduces  net  distortion 
from  environmental  effects.  The  next  step  in  the 
program  is  to  further  modify  the  net  perimeter 
design  to  maximize  coverage  over  the  band  of 
operational  velocities. 

Conclusions 


The  Thunder  Road  technology  gives  the  Navy 
and  Marine  Corps  another  option  for  surf  zone 
mine  clearance.  The  ability  which  Thunder 
Road  provides;  fast,  flexible  response  to  the 
changing  battlespace,  will  be  a  key  component 
to  the  ultimate  success  of  the  expeditionary 
warfare  mission. 
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The  Thunder  Road  project  has  successfully 
demonstrated  deployment  of  large  array  systems 
which  could  be  used  for  mine  clearance 
missions,  or  other  low  collateral  damage 
scenarios.  Testing  from  a  weapons  canister 
shows  significant  progress.  Further  testing  is 
necessary  to  resolve  issues  and  obtain  full 
deployment  potential. 
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Threat  Regimes 
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Obstacle  Threat 
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DET  Test 
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Issues  -  IM  and  critical  diameter  for  line  charge 
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Line  Charge  Test 
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Line  Charge  Shock  Wave  in 
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Line  Charge  Bubble  Effects 
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Explosive  Neutralization  Effectiveness 


Beach  Zone  Array 
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Big  bombs  do  not  exist  in  U.S.  inventory 

Smaller  bombs  at  closer  spacing  may  be  effective _ 
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Explosive  Energy  Partitioning 
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Modeling  Fluid  Structure 
Interaction 
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Explosive  Neutralization  Effectiveness 


DYSMAS/ELC  Simulation  of 
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DYSMAS/ELC  Simulation  of 
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Explosive  Neutralization  Effectiveness 


Pulse  Power  - 

21st  Century  Platform  Defense 
for  Mines  and  Torpedoes 

RADM  Charles  F.  Horne  III,  USN  (Ret) 


SC-21  and  other  U.S.  Navy  surface  combatants  for  the  21st 
Century  must  have  Inherently  and  organically  effective  and 
affordable  self  defense  against  mines  and  torpedoes !  At  least 
three  well  respected  American  defense  corporations  are  developing 
pulse  power  technologies  which  may  well  provide  this  organic  and 
effective  self  defense  for  the  Navy's  2lst  Century  platforms. 

When  the  USS  PRINCETON  (CG-59)  was  ordered  in  to  perform 
close  in-shore  fire  support  during  Desert  Storm,  she  had  such 
organic  self  defense  against  mines.  Further,  there  were  options 
to  wait  for  MCM  ships  or  helicopters  to  toil  at  making  a  safer 
ingress  and  egress.  Sure  enough,  PRINCETON  hit  a  mine  on  egress 
which  caused  millions  of  dollars'  worth  of  damage  and  extended 
off-line  repairs. 


Needed 

What  is  needed  is  that  our  future  platforms,  particularly 
surface  combatants,  have  their  own  inherent  effective  and 
affordable  MCM  and  torpedo  defense.  To  be  effective,  the  system 
or  device  must  be  able  to  destroy  the  mines  and  torpedoes  outside 
of  their  lethal  range  and  with  100%  or  near  100%  kill  of  each 
relevant  mine/torpedo.  To  be  affordable,  the  system  must  not 


be  based  on  sonars  and  sensors  which  require  considerable  manpower 
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(and  therefore  cost)  for  searching  and  classification  and  only 
afford  far  less  than  100%  probability  of  kill.  What  is  needed 
is  something  that  will  beam  out  and  ahead  and  crush  the  incoming 
torpedo  and  mine  or  roine-like  object  whenever  the  organic  system 
is  turned  on  as  the  ship  must  steam  into  harm’s  way!  As  opposed 
to  searching,  classifying  and  attempting  to  neutralize  with 
sensors  -  an  overriding  beam  neutralizes  all  in  its  path  -  mines, 
rocks  or  mine-like  objects! 


Pulse  Power 

In  layman's  terms,  pulse  power  is  the  creating  in  water  of 
focused  impulses  up  to  30,000  lbs.  per  square  inch,  each  second, 
that  travel  through  water  and  crush  mines  or  torpedoes.  Through 
repeated  impulses,  they  can  even  disintegrate  concrete  blocks  and 
render  other  obstacles  ineffective.  These  pulses  can  be  created 
electrically  and/or  chemically  in  a  phased  array  of  cylinders 
that  help  magnify  and  direct  the  pulses  of  power  through  the  water 
medium  to  the  targets. 


Recommendation 

Accordingly,  it  is  respectfully  and  most  ardently  submitted 
that  the  SC-21  and  other  Navy  surface  platforms  for  the  future  not 
have  a  man-intensive  search  system  -  but  a  relatively  fool-proof 
mechanical  system  to  go  into  "harm's  way"  -  regional  conflicts  where 
mines  and  torpedoes  will  be  the  Third  World  opponent's  weapon  of 


choice ! 


What  is  recommended  is  that  the  Naval  Studies  Platform  Panel 
as  well  as  the  Navy  (NAVSEA,  ONR,  N86,  N85)  and  DARPA  grab  hold  of 
and  develop  and  refine  pulse  pover  for  "Forward .. .from  the  sea," 
just  as  radar  was  embraced  and  developed  during  World  war  II  for 
combat  at  sea. 

There  are  at  least  three  defense  companies  -  Vail  Research 
and  Technology  (Capt.  Mike  Jerome  ret.  703-642-0901),  E-Systems 
Of  Raytheon  (Dr.  ShyKe  Goldstein  202-223-8808)  and  United  Defense 
of  FMC  (RAdm.  Bill  Fogarty  ret.  612-572-6572)  -  who  are  briefing 
ONR  and  DARPA  and  1  August  1996  on  their  ready  to  test  "proof  of 
concept"  of  pulse  power  for  organic  underwater  defense.  They  are 
ready  to  brief  other  interested  organizations  and  study  groups. 

It  is  understood,  for  the  reasons  outlined,  that  the  N85-N86 
teams  are  very  interested  in  exploring  and  developing  pulse  power 
for  MCM  and  torpedo  defense.  So  also  is  the  Program  Manager  and 
his  team  for  the  SC-21.  It  is  respectfully  recommended  that  all 
of  us  -  who  can  be  helpful  in  this  vital  area  of  effective  organic 
self  defense  in  regional  conflict  for  the  Navy's  platforms  for  the 
future  -  do  all  we  can  to  insure  pulse  power  gets  the  same  constructive 
development  that  radar  did  for  world  conflict. 


Charles  F.  Horne  III 

Rear  Admiral,  U.S.  Navy  ret. 

Member  of  the  Naval  Studies  Board 
Panel  on  Platforms^  Technology 
8.55  for  Future  Naval  Forces 


(8030971-9052) 
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Is  the  Application  and  Utilization  of  all  the 
Required  Skills  Being  Applied  within  the 
Mechanical  Mine  Clearance  Arena? 

William  N.  Baker 

Clausen  Power  Blade,  Inc.,  Systems  Ingetration 


The  statement,  “Technology  has  not  caught  up  with  the  problem”  is  often  made 
within  the  mine  countermine  arena.  Maybe  it  is  not  that  technology  has  not  caught  up, 
but  that  we  have  not  addressed  the  application  of  all  the  required  combined  skills  as  being 
part  of  the  solution. 

I  would  like  to  use  a  number  of  analogies  to  communicate  this  dicipline  in  the 
approaches  to  the  mechanical  mine  clearance  arena. 

One  of  these  analogies  pertains  to  The  Aircraft  Industry,  the  crown  jewel  of 
American  industry.  During  post  World  War  II  the  Douglas  Aircraft  Company  made  a 
decision  that  they  would  manufacture  only  commercial  propeller  aircraft,  where  as  the 
Boeing  Aircraft  Company  made  a  decision  that  they  would  manufacture  a  commercial  jet 
aircraft.  This  was  a  high  risk  decision. 

However,  Boeing  understood  that  all  related  skills  needed  to  be  included  in  their 
planning  to  deliver  and  produce  a  marketable  product.  This  marketable  product  became 
the  707  commercial  jet  airliner  and  the  military  variant,  the  KC-135  air  refueling  tanker. 
As  a  result  of  this  decision,  Boeing  became  significant  leader  in  the  world’s  aviation 
industry. 

Another  analogy  relates  to  the  auto  industiy.  There  was  a  saying  in  Detroit  “What 
is  good  for  GM  is  good  for  the  USA.”  However,  in  the  70’s,  that  was  not  the  case.  GM 
had  lost  touch  with  the  consumer. 

As  we  know,  GM  has  regained  a  good  portion  of  the  market  they  lost.  However, 
before  recovery  could  take  place  GM  had  to  recognize  that  all  related  skills  needed  to  be 
addressed  and  included  in  their  planning  to  be  successful  and  competitive.  The  blue 
collar  assembly  worker  was  one  of  those  required  combined  skills  and  his  feedback  and 
experience  was  critical  in  GM’s  recovery. 

When  lacoca  went  to  Chiysler  he  found  that  there  was  inadequate  communication 
between  engineering  and  manufacturing.  As  an  example,  if  there  was  a  design  problem 
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or  some  other  problem  in  the  engineering  manufacturing  relationship,  the  engineer  might 
have  the  ability  to  come  up  with  a  terrific  new  design.  However,  there  was  one  problem; 
He  did  not  know  the  manufacturing  people  could  not  build  it.  Why?  Because  he  never 
talked  to  them! 

As  lacoca  stated  in  his  autobiography,  “People  in  engineering  and  manufacturing 
almost  have  to  be  sleeping  together;  these  guys  weren’t  even  flirting!”’  Another  example 
at  Chrysler  was  the  manufacturing  guys  were  building  cars  without  checking  with  the 
sales  guys.  They  just  built  them,  stuck  them  in  a  yard  and  hoped  somebody  would  take 
them  out  of  there.  In  the  end,  Chrysler  had  a  huge  inventory  and  large  financial  loss. 
Turnaround  was  when  they  learned  to  utilize  all  the  required  skills. 

Another  example  was  my  own  experience  in  the  Air  Force.  As  a  systems 
integration  program  manager,  we  would  review  time  lines  of  ongoing  programs.  During 
these  reviews  the  Director  would  make  this  statement,  “Gentlemen,  are  we  designing  a 
solution  or  a  “career  term”  program?”  His  position  was  that,  if  a  program  was  long  term, 
you  better  have  all  the  required  skills.  He  did  not  believe  going  down  road  for  5  to  10 
years  and  coming  in  with  no  results.  He  believed  in  accountability.  We  constantly 
reviewed  programs  to  ensure  we  had  all  the  skills  required  to  define  and  execute  the 
programs. 

During  my  five  year  involvement  in  the  mechanical  mine  clearance  arena,  one 
critical  skill  has  been  missing.  That  skill  is  the  science  and  art  of  earth  moving.  I  am  not 
talking  about  an  individual  jumping  on  a  dozer  and  plowing  and  pushing  dirt.  I  am 
talking  about  the  science  and  art  of  earth  moving. 

The  science  of  earth  moving  consist  of  a  combination  of  the  technology  of  earth 
moving  mechanics  and  the  knowledge  and  capabilities  of  earth  moving  equipment  as  it 
responds  to  various  types  of  soils  and  soil  conditions.  The  art  of  earth  moving  requires 
sustained  proficiency. 

During  the  same  time  (in  the  past  5  years),  I  have  heard  the  same  buzz  words 
“Nothing  has  changed  in  the  mechanical  mine  clearance  since  W.W.ll.”  This  statement  is 
a  license  to  fail  and  reinforces  the  position  that  some  of  the  required  skills  are  missing, 
not  recognized,  or  being  ignored,  in  defining,  designing  and  executing  solutions  in  the 
mechanical  mine  clearance  arena. 

The  driving  forces  in  industry  are  competition  and  financial  success.  Industry  has 
learned  that  it  is  essential  that  they  apply  the  principal  of  the  application  and  utilization  of 
all  required  skills  to  be  competitive  and  successful.  The  government  is  crisis  driven  and 
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the  only  time  significant  government  effort  seems  to  be  applied  to  mine  clearance 
measures  is  when  individuals  are  at  immediate  risk  of  being  maimed  or  killed  such  as 
Dessert  Storm,  Somalia,  Bosnia,  etc.  Following  the  crisis,  the  outcome  is  always  the 
same.  Broad  area  announcements  are  submitted  to  industry  soliciting  information,  a 
period  of  no  results  and  finally  the  initiative  dies  on  the  vine. 

As  a  final  illustration,  we  brought  an  earth  moving  technology,  the  Clausen  Power 
Blade,  that  we  had  developed  for  the  pipeline  industry  into  mechanical  mine  clearance 
community  and  have  produced  successful  results  that  have  never  before  been  attained  in 
the  mechanical  mine  clearance  arena. 

To  develop  solutions  in  the  mechanical  mine  countermine  program  we  must  have 
the  ability  to  recognize,  collect,  and  utilize  all  of  the  related  skills  required  for  a 
successful  result. 

You  can  have  the  technologies  and  concepts  but  if  you  do  not  have  the  required 
combined  skills  to  apply  these  technologies  and  concepts  your  end  result  will  be 
repetitive  research  that  demonstrates  continuous  failure  of  application. 

REFERENCE: 

1.  Lee  lacocca,  lacocca:  An  Autobiography,  Bantam  Books,  Inc.,  New  York,  NY,  1984., 
p.  153 
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Alternative  Approaches  to 
Minesweeping  and  Mine  Clearance 

Warren  Loughmiller 

Naval  Surface  Warfare  Center,  Crane,  Indiana 


INTRODUCTION 

Rapid  mine  clearing  technology  is  a  priority  Marine  Corps  program  resulting 
directly  from  Operation  Desert  Storm  after  action  reports.  Mine  fields  severely 
limited  tactical  options  of  the  US  forces  during  Operation  Desert  Storm.  Mine 
neutralization  capability  is  fundamentally  important  for  future  and  present 
operations. 

BACKGROUND 

Many  concepts  for  removing  mines  from  soils  have  been  investigated.  These 
alternatives  have  met  with  limited  success  when  mounted  on  lighter  host  vehicles. 
US  Forces  currently  have  limited  mine  clearing  capabilities  including  Track  Width 
Rollers,  Track  Width  Mine  Plows,  Mine  Clearing  Line  Charge  (MICLIC)  and 
MARK  154  (3 -shot  line  charge).  The  MICLIC  and  the  MARK  154  provide  a 
narrow  irregular  path  and  had  degraded  performance  against  fuzing  currently 
employed.  Full  width  plows  and  rakes  have  been  investigated  on  special  purpose 
vehicles  but  are  limited  in  their  capabilities. 

GOALS 

It  behooves  us  now  to  identify  technologies  that  can  revolutionize  approaches  to 
dealing  with  the  mine  problems.  We  must  emphasize  those  technologies  that 
contribute  to  the  Navy-Marine  Corps  Mine  Warfare  Campaign  Plan  and  its  thrust 
to  support  Operational  Maneuver  from  the  Sea  and  "organic"  mine 
countermeasures. 


MISSION/CONCEPT  OF  OPERATIONS 

The  draft  operational  requirements  document  for  Shallow  Water  Mine 
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Countermeasures  (SWMCM)  Mine/Obstacle/Clearance  outlines  the  Navy  and 
Marine  Corps  mission  for  both  short  and  long  term  systems  to  clandestinely  clear 
obstacles/mines  from  the  amphibious  landing  areas.  Existing  mechanical  systems 
have  met  with  limited  success.  These  systems  include  mechanical  mine  plows, 
rollers,  line  charges  and  rakes. 

For  the  short  term,  the  capabilities  required  include  a  two  land  breach  50x150 
yards  within  1  hour  and  20  minutes  (14  square  ft/sec)  and  one  lane  10x150  yards 
within  50  minutes  (4.5  square  ft/sec).  It  is  required  that  90%  (95%  desired)  of  all 
obstacles  and  mines  in  the  designated  areas  be  cleared.  Here  is  where  we  envision 
that  modified  systems  may  support  this  short  term  concept  of  operations. 

MODIFIED  CONSTRUCTION  EQUIPMENT 

Two  US  companies  (CATERPILLAR  &  CLAUSEN  POWER  BLADE)  have  used 
innovative  ideas  to  use  construction  equipment  converted  to  meet  military 
requirements  to  clear  mine/obstacle  fields.  Examples:  (1)  D-7G/D-8N  dozer  with 
armor  and  angled  rakes  are  now  used  by  NATO  to  clear  mine  fields,  (2)  320L 
Hydraulic  Excavator  with  armor  used  to  extract  unexploded  ordnance  for  future 
disposal,  (3)  325L  Hydraulic  Excavator  with  extended  arm  and  remote  control  and 
thumb  is  also  used  to  remove  unexploded  ordnance  in  ground  or  from  a  berm,  (4) 
963  Track-type  loader  with  armor  is  utilized  for  unearthing  the  unexploded 
ordnance,  (5)  Clausen  Power  Blade  mounted  on  a  D-7G/D-8N  has  been  tested 
three  times  and  been  very  successful  in  removing  mines/obstacles  in  both  sand  and 
hardpack.  It  has  also  cleared  wide  areas  for  the  LCAC  to  land  once  on  the  beach. 

Since  I  have  been  involved  in  design,  build  and  testing  of  Marine  Corps  proto¬ 
types  for  the  past  12  years,  I  believe  that  this  is  the  answer  to  our  short  term 
problems. 

Most  of  you  are  familiar  with  the  earth  moving  equipment  that  Caterpillar  builds, 
but  may  not  be  with  the  Clausen  Power  Blade  of  which  I  was  the  Senior  test 
engineer  on  the  last  mine/obstacle  test  at  Camp  Pendleton,  Ca.  I  will  explain  how 
this  innovative  piece  of  equipment  is  designed. 

The  system  tested  consisted  of  a  single  D-8N  with  Powered  Blade  System 
mounted.  The  D-8N  is  a  tractor  modified  by  the  addition  of  the  auxiliary  power 
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unit  mounted  on  the  rear  of  the  tractor  and  by  the  addition  of  a  powered  blade 
mounted  in  place  of  the  standard  dozer  blade.  No  welding  is  required  on  the  D-8N 
tractor.  The  powered  blade  system  was  bolted  to  the  D-8N  tractor  including  the 
auxiliary  power  package.  This  package  is  mounted  in  place  of  the  ripper  on  the 
rear  of  the  tractor. 

The  Mine/Obstacle  Clearing  powered  Blade  System  is  made  up  of  the  following 
components/assemblies  excluding  the  host  D-8N: 

a.  Powered  blade  assembly. 

b.  Auxiliary  power  unit. 

c.  Control  subsystem. 

d.  Interface  installation  kit. 

1.  Powered  Blade  Assembly:  The  powered  blade  assembly  contains  the  belt, 
hydraulic  motors,  drive  sprockets/rollers,  and  cutting  edge.  This  assembly 
interfaces  with  the  auxiliary  power  unit  and  control  subsystem  using  quick 
coupling  hydraulic  connectors.  This  assembly  interfaces  withe  the  D-8N 
dozer  C-frame  using  a  drop  pin  assembly.  The  original  tilt  cylinders  have 
not  been  altered.  These  cylinders  are  connected  to  the  powered  blade  using 
drop  pins. 

2.  Auxiliary  Power  Unit:  The  hydraulic  power  unit  is  a  commercially 
available  diesel  engine  and  hydraulic  pump  assembly.  This  unit  provides 
hydraulic  power  for  the  motors  driving  the  vertically  oriented  eonveyor  belt 
(the  belt  replaced  the  standard  dozer  blade  assembly).  The  engine  is 
mounted  on  the  rear  of  the  D-8N  tractor. 

3.  Control  Subsystem:  Control  of  the  powered  blade  assembly  is 
accomplished  from  a  control  panel  m  ounted  to  the  right  of  the  operator's 
seat  in  the  D-8N  cab.  The  powered  blade's  belt  speed  is  controlled  through 
an  infinitely  variable  speed,  reversible  hydrostatic  drive  system. 

4.  Interface  Installation  Kit:  This  kit  is  a  collection  of  the  various  controls 
and  attachments  required  to  integrate  the  powered  blade  system  and  the  D- 
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8N  tractor.  The  powered  blade  is  attached  to  the  C-frame  of  the  tractor  by 
installing  the  center  pivot  pin  and  two  pins.  These  two  pins  connect  the 
lower  push  arms  which  are  part  of  the  powered  blade.  In  addition,  the 
powered  blade  assembly  contains  two  tilt  double  acting  cylinders.  These 
cylinders  are  hydraulically  attached  to  the  tractor  blade  control  hydraulics. 

The  Power  Blade  assembled  consists  of  a  partially  encased,  hydraulically 
powered,  rotating  steel  belt  which  is  mounted  to  a  D-8N  dozer.  The  rotating  belt 
results  in  a  side  sweeping  action  which  casts  aside  accumulated  spoil  (plowed  up 
dirt/soil,  sand,  and  obstacles).  At  the  base  of  the  Power  Blade  is  an  angled  steel 
blade  (approximately  18  feet  wide)  with  steel  times  attached  to  the  bottom  at  18 
inch  intervals. 

During  my  last  test,  the  Power  Blade  was  attached,  by  support  arms,  to  a 
Caterpillar  D-8N  dozer  at  an  approximate  blade  angle  of  30  degrees  and  angled 
right  at  26.5  degrees.  A  control  panel,  located  within  the  D-8N's  cab,  allowed  the 
operator  to  control  the  Power  Blade's  vertical  height,  pitch  and  roll,  as  well  as  belt 
speed  and  belt  direction  (clockwise  or  counterclockwise).  The  Power  Blade's  side 
sweeping  belt  is  powered  by  five  hydraulic  motors.  An  Auxiliary  Power  Unit 
(APU)  is  used  to  supply  hydraulic  pressure  and  is  mounted  on  support  beams 
which  extend  back  from  the  rear  of  the  D-8N. 

RESULTS:  The  Power  Blade  made  seventeen  runs  both  in  sand  and  hardpack 
utilizing  both  mines  only  and  a  combination  of  mines  and  obstacles  with  a  high 
success  rate.  The  Power  Blade  cleared  93%  of  all  mines  encountered  in  hardpack 
and  99.6%  of  all  mines  in  v/ide  area  clearance  (100  by  100). 

CONCLUSION:  By  using  NDI  items  such  as  the  Clausen  Power  Blade  and 
Caterpillar  equipment,  we  eliminate  the  long  R&D  process  and  can  modify  the 
equipment  rapidly  to  comply  with  military  needs. 
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Application  of  Seismic  Vibration  Concepts  for 
Rapid  Mine  Clearance  and  Detection 


Geoffrey  C.  Davis, 
President,  Capstone,  Inc. 

Steve  Ballinger 

Executive  Vice  President,  Mertz,  Inc. 


Statement  of  Problem 

Current  methods  of  land  mine  detection  and  clearance  require  time  consuming,  high  risk 
operations  to  detect,  map,  and  clear  land  mine  hazards.  In  older  fields,  mines  can  shift  or  settle, 
increasing  the  difficulty  in  detection  and  clearance.  Mines  pose  both  a  short  term  tactical  problem 
and  long  term  humanitarian  problem  in  many  areas  of  the  world. 

The  purpose  of  this  paper  is  to  introduce  a  new  application  of  a  proven  technology  that  will 
minimize  the  negative  tactical  and  humanitarian  effects  of  land  mines.  Passing  resolutions 
against  the  use  of  land  mines  may  be  less  effective  in  the  long  run  than  simply  fielding 
technology  that  limits,  minimizes,  or  eliminates  their  usefulness  in  military  operations. 

Some  questions  to  ponder  before  we  begin... 

What  value  could  you  place  on  a  device  that  could  help  save  thousands  of  soldier’s  and 
civilian’s  lives  each  year  that  might  otherwise  have  been  lost  to  inadvertent  mine 
detonations? 

How  much  good  will  could  be  purchased  in  friendly  nations  by  quickly  clearing  areas 
infested  with  mines  without  causing  excessive  collateral  damage? 

What  would  you  say  if  you  could  provide  your  tactical  units  with  a  low  cost,  low  risk,  safe, 
rapid  means  of  mine  detection  and  clearance? 

What  if  that  device  were  able  to  provide  your  commanders  with  an  additional  30  minutes 
of  tactical  surprise  in  a  breaching  operation  and  avoided  the  need  to  channel  your  vehicles 
into  narrow  lanes  to  pass  through  a  hazard  area? 

Would  there  be  utility  in  Helding  a  proven  industrial  technology  that  is  currently  in  use  in 
every  area  of  the  world? 

Does  this  sound  too  good  to  be  true? 

Such  technology  exists  today  and  may  be  readily  adapted  to  land  mine  detonation,  detection,  and 
clearance.  The  application  of  this  proprietary  technology  may  be  a  key  link  in  providing 
seamless  transition  through  mined  areas.  The  concept  would  support  wider  lane  clearance, 
deliberate  breaching  operations,  and  post-operation  area  clearance. 
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Symposium  on  Technology  and  the  Mine  Problem  November  21, 1996 

Current  Situation 

Many  world  governments  have  expressed  concern  over  the  problems  associated  with  the  use  of 
land  mines.  Over  100  million  anti-personnel  mines  litter  the  globe  and  cause  an  estimated  26,000 
casualties  every  year .  The  great  majority  of  these  mine  casualties  are  civilians. 

The  tactical  issues  associated  with  land  mines  are  also  significant.  Mine  hazards  put  units  at  risk 
by  harassing,  channeling,  delaying,  or  exposing  friendly  troops  to  great  dangers.  Random  mine 
ambushes  are  a  source  of  irritation  and  can  damage  the  momentum  of  an  operation.  Furthermore, 
tactical  surprise  can  be  lost  because  of  the  time  needed  to  clear  safe  lanes  for  breaching 
operations.  The  humanitarian  impact  is  staggering.  Long  after  the  guns  are  silent,  mines  can 
prevent  routine  movement  and  normal  land  use  over  large  sections  of  a  region. 

Indeed,  teams  of  government  and  private  industry  professionals  are  trying  to  develop  new  tools  to 
combat  this  problem.  These  range  from  adapting  older  mine  clearing  tools  that  date  to  the  Second 
World  War  to  applications  of  modern  sensing  technologies.  The  traditional  methods  of  clearing 
an  area  could  require  the  use  of  devices  like  mine  detectors,  vehicle  driven  rollers,  line  charges, 
and  luck.  Mine  detection  and  clearance  normally  exposes  soldiers  to  great  risk. 

Humanitarian  issues  pose  an  even  greater  problem  because  civilians  and  children  do  not  have 
adequate  knowledge  to  deal  with  the  hazards  imposed  on  their  home  areas.  In  order  to  minimize 
risk  and  apply  new  tools,  modern  teams  are  seeking  to  provide  clearing  devices  that  improve 
safety  and  preserve  operational  flexibility.  However,  even  the  new  technology  applications  have 
experienced  limited  success. 

An  article  in  the  April  1996  issue  of  Mechanical  Engineering  discusses  this  further.  In 
“Searching  for  Land  Mines”,  author  Steven  Ashley  stated  that  the  U.S.  military  is  sponsoring 
several  new  and  expensive  methods  of  mine  detection  and  clearance  The  current  devices  in 
development  generally  require  one  or  more  of  several  conditions  to  perform  effectively.  For 
example,  various  technology  tools  may  require  a  mix  of  recognizable  mine  placement  patterns; 
homogeneous  (clean)  soil  without  rocks,  roots,  or  shell  casings;  little  or  no  vegetation;  high 
daytime  thermal  gradients;  and/or  favorable  soil  resistivity. 

These  types  of  conditions  are  rarely  found  together  in  threat  environments.  Patterns  are  less 
frequent  in  unconventional  warfare  environments.  Indeed,  even  conventional  patterns  can  break 
up  over  time  due  to  soil  shifting,  device  settling,  or  water  run-off.  Homogeneous  soil  typing  is 
restricted.  In  fact,  many  ideal  hazard  areas  and  choke  points  have  rocks  on  or  near  the  surface. 
With  the  exception  of  the  Middle  East,  vegetation  appears  to  be  prevalent  in  the  world’s  mine 
hazard  regions.  Moreover,  the  thermal  gradients  may  vary  by  region  and  weather  patterns. 
Finally,  soil  resistivity  varies  from  region  to  region. 

In  the  end,  the  difficulty  in  achieving  the  right  mix  of  ideal  conditions  could  make  it  difficult  or 
more  hazardous  for  a  mine  clearing  operation  to  be  conducted  for  either  tactical  or  humanitarian 
purposes.  Some  groups  are  employing  more  “muscular”  approaches  by  upgrading  mine  plows 
and  rollers.  Mine  detection  is  confirmed  by  exploding  the  device  upon  contact.  Although  such 
equipment  will  destroy  mines,  the  resulting  explosion  may  also  disable  the  host  vehicle,  cause 
collateral  damage,  block  the  clearing  lane,  and  cause  serious  injuries.  Also,  ground  damage  from 
plows  and  line  charges  can  be  extensive. 

Mertz  suggests  a  rugged  and  cost  effective  hydraulic  solution  which  applies  seismic  principles. 
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A  New-Old  Approach 

For  nearly  a  generation,  the  petroleum  industry  has  used  seismic  vibration  as  a  means  of 
supporting  oil  exploration.  Several  vibrator  trucks  will  be  placed  in  sequence  and  induce  seismic 
waves  into  the  ground  simultaneously.  The  data  is  recorded  by  geophones  and  translated  into  a 
graphical  representation  of  the  subsurface  strata  similar  to  a  sonogram.  In  turn,  geophysicists 
determine  the  likelihood  of  petroleum  deposits  in  that  area. 

Mertz,  Inc.  is  the  largest  producer  of  seismic  vibrator  vehicles  for  the  petroleum  industry  in  the 
world.  The  company  has  developed  and  patented  many  types  of  vibration  hardware  and  vehicle 
components.  Currently,  they  have  vehicles  in  service  on  every  continent  and  in  every  climate 
region  on  Earth  except  Antarctica.  They  have  been  designed  to  work  in  climates  ranging  from 
the  frozen  North  Slope  of  Alaska  to  the  sands  of  the  Sahara,  and  on  all  vehicle  accessible  terrain 
types.  Mertz  provides  operational,  training,  and  logistical  support  in  more  than  30  nations 
around  the  world. 

In  1954,  Mertz  manufactured  an  eccentric  mass  (or  “swing  weight”)  vibrator  for  Conoco.  A 
prototype  servo-hydraulic  vibrator  was  tested  in  1957  and  placed  in  service  for  normal  operations 
in  1959.  In  the  1960’s,  vibrators  were  mounted  on  the  rear  of  trucks,  but  by  the  mid- 1 960’ s,  the 
design  was  altered  by  moving  the  vibrator  assembly  to  approximately  the  center  of  the  vehicle. 
This  new  position  put  a  larger  percentage  of  gross  weight  on  the  baseplate  to  improve  earth 
coupling. 

Mertz  began  fielding  the  next  generation  of  vibrators  in  1969  when  they  were  licensed  by 
Conoco  to  build  the  “Model  8”  vibrator.  The  first  production  units  were  delivered  to  Conoco  in 
January  1970,  with  continuing  production  for  other  companies. 

Numerous  improvements  have  been  made  over  the  years,  and  Mertz  provides  numerous  vibrator 
models  to  choose  from.  Vibrators  are  mounted  on  commercial  trucks,  all-terrain  buggies,  and 
tracked  vehicles. 

Rather  than  inventing  a  new  technology,  Mertz,  Inc.  believes  that  its  proprietary  technology  can 
be  applied  to  this  situation  in  order  to  provide  an  immediate  low  cost,  low  risk  solution  to  both 
the  humanitarian  and  tactical  problems  associated  with  land  mines.  From  their  headquarters  in 
Ponca  City,  Oklahoma,  they  provide  worldwide  production  and  logistical  support  to  exploration 
teams  around  the  world. 

Mertz  believes  their  technology  may  be  another  tool  that  can  be  used  in  solving  the  tactical  and 
humanitarian  problems  associated  with  land  mines. 
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Thesis  Statement 


Powerful  seismic  vibrations  generated  by  a  mobile  energy  source  can  detonate  and  detect 
land  mines  with  minimal  risk  to  personnel  and  equipment. 

The  Seismic  Vibration  Concept 

When  a  person  throws  a  rock  into  a  pool  of  water,  the  impact  of  the  rock  creates  disruption  of  the 
water  surface  and  causes  the  waves  generated  by  the  force  to  move  outward  from  the  point  of 
impact  in  a  hemispherical  pattern.  Depending  on  the  depth,  the  wave  energy  can  disrupt  the 
bottom  surface  and  stir  up  debris  and  soil.  Seismic  vibration  works  in  basically  the  same  context. 

A  Principle  Analogy 

...Tossing  a  Rock  into  a  Lake. 


The  Ripples  of  Water  Mirror  the  Seismic  Waves  Induced  by  the  Rock 


>The  Surface  “Rolls”  with  a  Wave  Pattern 
>Loose  Objects  and  Matter  on  or  below 
the  surface  are  Agitated 
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As  the  soil  particles  accelerate  away  from  the  impact  point  of  the  baseplate,  the  wave  pattern 
creates  a  Rayleigh  Wave  or  “Ground  Roll”.  This  extends  away  from  the  center  of  impact  until  the 
vibration  is  dissipated  or  dampened  by  the  soil.  On  smaller  commercial  vibrators,  a  low 
frequency  vibration  can  liquefy  or  seriously  agitate  surface  soil  outward  for  about  ten  feet.  A 
large  shear  wave  vibrator  could  induce  far  greater  “Ground  Roll”  and  could  cause  serious  soil 
displacement  for  20  to  30  feet  out  from  the  point  of  impact,  depending  on  soil  type,  retained 
moisture,  and  temperature. 
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A  seismic  vibrator  is  a  4-stage  electro-hydraulic  system  which  oscillates  a  large  reaction  mass  in 
order  to  generate  equal  and  opposite  forces  which  are  transmitted  through  a  supporting  structure 
and  baseplate  into  the  earth.  The  resulting  oscillatory  force  of  the  baseplate  creates  seismic 
waves  which  radiate  in  hemispherical  wavefronts  through  the  earth.  The  vibrator  simultaneously 
produces  “Ground  Roll”  which  interferes  with  seismic  data. 

As  seismic  waves  travel  through  the  earth,  they  encounter  layers  of  differing  density,  which  have 
different  velocity  characteristics,  and  cause  some  of  the  seismic  energy  to  be  reflected.  Reflected 
seismic  waves  travel  back  to  the  surface  where  sensitive  transducers  called  “geophones”  convert 
the  ground  motion  into  electric  signals  proportional  to  earth  particle  velocity.  Seismic 
interpreters  use  these  signals  to  calculate  the  depth  of  reflecting  surfaces;  and  produce  maps  of 
subsurface  layers. 

For  the  purposes  of  mine  detonation  and  detection  there  are  three  wave  types  that  should  be 
defined:  Shear  Waves,  Rayleigh  Waves,  and  Ground  Roll. 

Shear  Wave:  a  seismic  wave  in  which  particle  motion  is  perpendicular  to  the  direction  of 
propagation.  Shear  waves  propagate  radially  outward  from  the  source  along  a  hemispherical 
wave  front. 

Rayleigh  Wave:  a  surface  seismic  wave  in  which  particle  motion  near  the  surface  is  elliptical 
and  retrograde.  Rayleigh  waves  propagate  radially  outward  from  the  source  along  a  cylindrical 
wavefront.  A  large  share  of  the  energy  radiated  by  a  seismic  source  consists  of  Rayleigh  waves. 

Ground  Roll:  surface  wave  ground  energy  which  propagates  radially  outward  from  the  source 
along  a  cylindrical  wave  front.  Rayleigh  waves  are  usually  the  main  source  of  ground  roll. 

The  “Ground  Roll”  is  a  useless  “by-product”  of  the  energy  source  used  for  petroleum 
exploration.  However,  this  by-product  is  the  very  means  of  land  mine  detonation,  detection,  and 
clearance.  Soil  particles  below  the  baseplate  are  accelerated  at  a  rate  which  overcomes  normal 
soil  cohesion.  The  soil  beneath  the  baseplate  and  in  the  surrounding  area  is  liquefied.  There  is  a 
ripple  effect  outward  from  the  baseplate  similar  to  the  concentric  rings  formed  by  tossing  a  stone 
into  a  pool  of  water. 
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Seismic  Vibration  Concepts 


Pressure  &  Vibration 
Induced  Via  Baseplate 


Rayleigh  Wave  or  ''Ground  Roll''  Created 


Soil  Liquefied  f  Soil  Disrupted 


Decreasing  Particle  Acceleration  and  G  Force 

- - - ► 
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In  his  text.  Vibrations  of  Soils  and  Foundations,  F.E.  Richhart,  Jr.,  et.  al.  observed  that  the 
surface  is  liquefied  when  a  “saturated  mass  of  soil  is  caused  by  external  forces  to  suddenly  lose 
its  shearing  strength  and  to  behave  as  a  fluid.. ..Liquefaction  may  [also]  develop  by  impacts  or 
repeated  loadings  applied  to  loose  or  cohesionless  soils.”  ^  Further  research  showed  that  soil  can 
be  liquefied  by  inducing  steady  state  vibrations.  Soil  liquefaction  occurs  in  an  earthquake.  This 
is  seismic  vibration  on  a  large  scale.  Indeed,  the  use  of  modem  commercial  seismic  vibration 
technology  generates  a  localized  earthquake  in  order  to  generate  data.  Currently,  soil  liquefaction 
is  not  a  part  of  any  mine  countermeasures  doctrine. 

Facts  and  Assumptions 

The  thesis  of  this  paper  suggests  that  the  principles  applied  so  successfully  in  the  geophysical 
disciplines  can  be  applied  to  the  problem  of  detecting  and  clearing  land  mines. 

Mertz,  Inc.  is  the  largest  producer  of  seismic  vibration  devices  in  the  world.  They  have  developed 
and  patented  many  components  and  concepts  in  this  discipline.  These  tools  are  currently  used  in 
commercial  geophysical  applications  ranging  from  petroleum  exploration  to  earthquake  research. 

This  analysis  is  based  on  both  the  foundational  physical  properties  of  energy  transfer  in  soils  and 
the  current  methods  of  detonating  land  mines.  Moreover,  the  United  States  Navy  Coastal 
Systems  Station  at  Panama  City,  Florida,  successfully  conducted  an  informal  test  in  January  1996 
that  validated  the  basic  concept  using  a  small  commercial  vibrator  to  activate  the  fuses  of  various 
explosive  devices. 
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Key  Facts 

•  Seismic  Vibration  Devices  have  been  in  use  for  a  generation. 

•  Mertz,  Inc.  currently  manufactures  the  key  components  for  a  seismic  vibrator  that  may  be 
applied  to  a  mine  clearing  vehicle. 

•  Technology  for  such  a  vehicle  exists  and  could  be  quickly  integrated  for  testing  at  a  relatively 
low  investment. 

•  The  U.S.  Navy  conducted  a  successful  informal  test  in  January  1996  which  demonstrated  that 
a  shear  wave  vibrator  could  be  used  to  detect  and  detonate  land  mines. 

•  Risk  is  reduced  by  removing  the  need  for  people  to  handle  devices  directly  or  use  manual 
search  tools  in  most  situations. 

•  Risk  is  reduced  significantly  because  the  vehicle  can  be  remotely  controlled,  and  because  the 
vibration  should  detonate  mines  without  direct  vehicle  contact. 

•  The  Seismic  Counter  Mine  Vehicle  could  be  integrated  with  optional  equipment  to  allow 
unmanned  continuous  operations  for  mapping  and  precise  area  clearing. 

•  Current  sensing  technology  could  be  adapted  to  allow  for  remote  identification  and  mapping 
of  unexploded  devices. 

•  Vibration  induced  detonation  would  cause  less  collateral  damage  than  clearing  operations 
conducted  with  plows  and  line  charges. 

Key  Assumptions 

•  CRITICAL  ASSUMPTION:  The  Defense  community  desires  a  device  that  will  destroy  Anti- 
Personnel  Mines  and  Detect  Anti-Tank  Mines  with  a  minimum  of  risk  and  complexity. 

•  Mine  detection  and  clearance  could  be  conducted  using  either  a  remote  controlled  vehicle  or 
host  vehicles  to  carry  the  system. 

•  The  Seismic  Counter  Mine  Vehicle  would  require  terrain  that  is  accessible  to  typical  tactical 
or  construction  vehicles. 

•  The  Seismic  Counter  Mine  Vehicle  will  be  significantly  influenced  by  soil  properties. 

•  The  General  Design  Concept  assumes  that  all  components  will  be  integrated  with  off-the- 
shelf  or  easily  fabricated  sub-assemblies. 

•  The  General  Design  Concept  assumes  that  the  Seismic  Counter  Mine  Vehicle  would  need  to 
move  with  the  tactical  units  and  thus  the  system  would  be  mounted  on  a  host  vehicle  or  in  a 
self-contained  vehicle. 

•  The  device  would  allow  the  clearing  or  breaching  of  mine  hazards  to  be  accomplished  in  less 
time  with  a  wider  area  cleared. 

Principles  In  Context 

Before  discussing  any  design  concepts,  it  might  be  helpful  to  illustrate  how  the  technology  works 
in  detecting  or  clearing  a  mine  hazard.  Mine  hazards  may  be  known  or  suspected  in  an  area.  If 
the  field  has  been  set  for  a  long  period  of  time,  the  original  patterns  may  have  been  disrupted, 
invalidating  any  maps.  Moreover,  traditional  mine  field  clearing  or  breaching  often  involves  a 
combination  of  burning  surface  vegetation,  manual  detection,  manual  marking,  rolling,  plowing, 
and  planned  detonation.  The  Seismic  Counter  Mine  Vehicle  would  lessen  the  need  for  these 
other  tools  in  many  situations. 
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Mine  clearing  and  detection  could  be  done  in  a  manner  similar  to  current  seismic  exploration 
operations.  That  is,  a  baseplate  would  induce  horizontal  shear  wave  vibrations  into  the  ground. 
As  previously  mentioned,  in  petroleum  exploration,  the  effects  of  “Ground  Roll”  on  the 
immediate  soil  surface  is  a  “by-product”  of  the  vibration  process.  In  the  case  of  mine  clearance 
and  detection,  the  surface  disruption  is  precisely  the  desired  outcome.  For  example,  a  vibrator 
generating  150,000  pounds  of  shear  wave  force  would  create  exceptionally  strong  “Ground  Roll” 
spreading  out  horizontally  from  the  device.  The  following  figures  illustrate  a  schematic  mine 
hazard  that  contains  both  Anti-Personnel  and  Anti-Tank  mines.  The  G-Forces  near  the  device 
would  actuate  the  Anti-Personnel  devices. 

As  an  aside,  during  the  informal  Navy  test  in  the  January  1 996,  all  of  the  Anti-Personnel  Mines 
were  actuated  during  the  static  vehicle  test.  This  occurred  with  no  prior  envelope  analysis. 

In  the  figures  below,  a  schematic  baseplate  is  transmitting  vibrations  into  the  ground  of 
hazardous  area.  In  the  following  scenario,  it  can  be  assumed  that  no  mines  have  been  confirmed 
previously.  The  vibration  pattern  could  be  set  to  take  advantage  of  the  ground  resonance 
frequency  for  the  soil  type. 


Mine  Proximity 


Pressure  &  Vibration 


Anti-Personnel  Mine  = 


Anti-Tank  Mine  =  ^ 
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As  vibrations  travel  outward  from  the  baseplate,  the  “Ground  Roll”  will  cause  the  surface  to 
liquefy  and  ripple.  Visualize  grasping  a  bedspread  that  had  toys  laid  on  it.  If  the  bedspread  is 
shaken  out  in  rhythmic  pattern,  ripples  will  cycle  across  the  top  and  bounce  or  “float”  the  toys. 
The  analogy  would  hold  true  for  mine  clearance  and  detection. 


The  “Ground  Roll”  would  pass  through  three  basic  zones:  The  Detonation  Zone,  The  Disruption 
Zone,  and  The  Detection  Zone. 
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Vibration  Impact  on  Land  Mines 


DETONATION  ZONE:  Sufficient  G  Force  to  expose  and  detonate  AP  &  AT  Mines 

DISRUPTION  ZONE:  Detonate  AP  Mines  and’Tloat”  or  Detonate  AT  Mines. 

Those  mines  that  are  heavier  than  surrounding  soil  will  sink  or  slip. 
DETECTION  ZONE:  Disrupt  soil  to  Detonate  or  Float  AP  Mines  &  Expose  AT  Mines 
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The  “Ground  Roll”  will  cause  the  nearby  surface  soil  to  liquefy  and  the  G-Force  caused  by  soil 
particle  acceleration  will  detonate  the  mines  in  the  Detonation  Zone.  Spontaneous  detonation 
will  occur  in  this  zone.  All  passive  fused  Anti-Personnel  mines  would  be  exploded.  Anti-Tank 
mines  could  be  detonated,  depending  on  the  mine  type  and  the  G-Force  impact.  Depending  on 
the  soil  type,  the  G-Forces  generated  by  the  “Ground  Roll”  could  be  magnified  and  have  a 
hammer-like  effect  on  the  devices.  Worst  case,  the  Anti-Tank  mines  would  be  floated,  slipped,  or 
disabled  by  the  excessive  “Ground  Roll”  forces.  Any  Anti-Tank  mines  not  destroyed  could  be 
marked  and  destroyed  by  other  means. 

The  “Ground  Roll”  will  begin  to  degrade  as  they  pass  into  the  Disruption  Zone.  In  this  Zone, 
Anti-Personnel  Mines  would  be  detonated  and  the  Anti-Tank  mines  would  be  floated  to  the  soil 
surface.  If  a  mine  happened  to  survive  the  G-Force  impact  and  had  a  weight  and  density  greater 
than  the  surrounding  soil,  it  could  sink  deeper  below  the  surface.  In  addition,  anti-tamper  devices 
would  be  set-off  and  the  surface  soil  would  be  disrupted  around  the  locations  of  deep  mines. 
Either  way,  Anti-Tank  mines  could  be  detected  and  marked.  Spontaneous  detonation  is  less 
probable  in  this  zone. 

Before  complete  dissipation,  the  “Ground  Roll”  will  pass  through  the  Detection  Zone.  In  this 
zone,  Anti-Personnel  Mines  may  be  detonated  or  exposed  for  marking  and  clearance.  Anti-Tank 
mines  should  have  a  signature  of  agitated  soil  above  their  locations.  The  Detection  Zone  is  the 
outer  ring  of  zones  around  the  Seismic  Counter  Mine  Vehicle.  Spontaneous  detonation  would 
probably  be  limited  to  those  Anti-Personnel  devices  that  are  set  off  by  low  G-Forces  or  that  are  at 
the  inner  edge  of  the  zone. 


Copyright  1996  Capstone,  Inc.  &  Mertz,  Inc. 


8-73 


General  Design  Concept 

The  General  Design  Concept  for  the  Seismic  Counter  Mine  Vehicle  (SCMV)  would  apply  a 
concept  similar  to  that  of  the  compacting  “sheep’s  foot”  rollers  used  in  the  construction  industry. 
Typical  vibrators  are  stationary  while  vibrating.  That  is,  forces  are  induced  through  a  stationary, 
flat  baseplate  while  the  vehicle  is  stopped.  In  order  to  keep  up  with  ground  vehicles  and  allow 
wider  “Ground  Roll”  dispersion,  the  vibrator  and  baseplate  would  be  integrated  in  a  roller. 

Older  generation  vibrators  originally  utilized  surface  rollers.  However,  they  were  not  as  precise 
for  conveying  consistent  forces  into  the  earth.  In  one  sense,  Mertz  would  turn  back  the  clock  with 
outward  design  and  incorporate  it’s  latest  vibration  technologies  into  the  roller.  There  is  no  need 
for  precise  force  measurement  below  the  surface  because  mine  clearing  is  only  concerned  with 
the  first  one  to  two  feet  of  strata. 

The  SCMV  could  be  a  kit  that  was  attached  to  a  heavy  combat  vehicle  or  be  manufactured  as  a 
stand  alone  remote  controlled  vehicle.  The  SCMV  should  be  able  to  utilize  off-the-shelf 
technologies.  This  would  include  all  fabricated  parts,  drive  train,  power  train,  high  power 
variable  frequency  vibration  systems,  control  units,  and  sensors. 

The  SCMV  could  be  integrated  with  a  series  of  sensors  to  detect  mines,  suspicious  objects,  and 
soil  disturbance.  In  addition,  the  SCMV  could  be  integrated  with  magnetic  Anti-Tank  mine 
arming  devices  like  some  of  the  Israel  Aircraft  Industries  seismo-magnetic  mine  clearing 
components  that  incorporate  the  electromagnetic  signature  of  large  combat  vehicles'^.  An 
alternative  approach  could  to  mount  a  simpler  magnetic  coil  on  the  device. 

Lets  look  at  two  conceptual  adaptations  of  the  shear  wave  vibrator  to  this  mission: 

Test  Design  Concept  1  Combat  Vehicle  Attachment 

The  first  way  to  achieve  the  integration  of  this  technology  is  to  attach  the  Seismic  Counter  Mine 
device  to  a  heavy  military  vehicle.  This  could  be  accomplished  in  a  manner  similar  to 
conventional  ank  rollers.  However,  steering  is  an  issue  for  this  concept.  The  roller  assembly 
may  weigh  in  e  icess  of  60,000  pounds  and  generate  up  to  300,000  pounds  of  vibratory  force.  The 
vehicle  pushing  this  roller  may  find  that  it  is  unable  to  turn  because  of  the  traction  associated 
with  coupling  the  vibrator  to  the  ground.  Steering  would  be  accomplished  by  a  center  pivot, 
using  the  hydraulic  system  of  the  roller  and  linking  it  to  the  vehicle’s  steering  controls.  A  vehicle 
adapter  kit  would  be  manufactured  for  the  system.  The  diagram  below  shows  the  Seismic 
Counter  Mine  device  attached  to  a  schematic  of  an  Ml  Abrams  tank. 
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Combat  Vehicle  Attachment 
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Such  a  design  would  have  the  advantage  of  providing  a  powerful  mine  clearing  tool  to  the 
tactical  units  themselves.  However,  shear  wave  vibrational  force  would  have  to  be  limited  so  that 
the  host  vehicle  could  control  the  device.  In  addition,  the  vehicle  crew  would  be  exposed  to  the 
hazards  of  the  mine  field.  Also,  there  is  the  question  of  utility.  Would  the  host  vehicle  be  adapted 
to  use  sensory  equipment?  Indeed,  would  the  value  of  having  the  device  on  the  tank  or  Combat 
Engineered  Vehicle  (CEV)  offset  the  limits  in  mobility  (i.e.,  high  speed  turns  and  dash  speed) 
that  would  be  imposed?  Next,  the  cost  of  host  vehicle  system  modifications  might  outweigh  the 
value  of  the  end  device.  Finally,  the  high  G-Forces  and  resonant  frequency  vibrations  generated 
by  the  system  may  cause  difficulties  for  maintaining  standard  vehicles. 

Additional  study  would  be  necessary  to  evaluate  the  utility  of  adapting  the  Seismic  Counter  Mine 
device  to  a  current  combat  vehicle. 

An  alternative  to  adapting  a  kit  to  an  existing  vehicle  limited  by  a  different  design  criteria  would 
be  to  develop  a  system  for  the  express  purpose  of  seismic  vibration  for  mine  clearing  and 
detection. 

Test  Design  Concept  2  Remote  Control  Seismic  Counter  Mine  Vehicle 

The  second  design  concept  is  based  on  developing  a  militarized  version  of  a  SCMV  similar  to 
the  products  now  produced  by  Mertz.  This  would  incorporate  an  articulated  vehicle  frame  and 
powerplant,  along  with  a  high  performance  seismic  vibrator.  The  figure  below  illustrates  how  a 
militarized  version  of  a  Mertz  Vibrator  might  look. 
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Mertz  Seismic  Mine  Clearance  Vehicle  (SCMV) 


Rear  View 


Remote  Controlled 
Vehicle 


Front  Articulated 
Steering 
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This  SCMV  could  be  designed  to  protect  against  close  proximity  mine  detonation.  The  hull 
would  be  “V”  shaped  in  order  to  disperse  explosive  force  away  from  the  device.  The  SCMV 
would  need  some  degree  of  ballistic  protection  around  the  drive  train,  sensors,  control  units,  and 
hydraulic  assemblies.  The  vehicle  will  be  hardened  and  the  roller  arm  that  attaches  to  the  main 
body  of  the  vehicle  will  have  a  hinged  shock  absorption  mechanism  to  absorb  and  dampen  blast 
from  vehicle  mines. 

In  order  to  minimize  risk,  this  system  could  be  unmanned  and  controlled  from  a  remote  location. 
It  could  be  controlled  from  another  vehicle.  In  fact,  depending  on  the  tactical  situation,  the 
vehicle  could  be  programmed  with  a  Global  Positioning  System  (GPS)  to  provide  pre-specified 
continuous  unmanned  operations  over  a  specific  set  of  grid  coordinates.  Of  course,  the  remote 
control  SCMV  could  be  programmed  to  alert  the  controller  if  a  given  hazard  array  is  discovered. 
Such  tools  would  provide  greater  flexibility  for  the  unit  or  organization  that  employed  a  group  of 
remote  control  the  SCMV. 

Because  this  technology  may  never  been  utilized  in  land  mine  detection  and  clearance  operations, 
a  series  of  tests  may  be  performed  in  order  to  smoothly  adapt  the  concepts  of  seismic  vibration  to 
this  realm.  The  encouraging  thing  is  that  although  the  application  is  new,  the  technology  is 
rugged  and  proven  in  many  regions  and  terrain  types. 

The  Seismic  Counter  Mine  Vehicle  would  generate  horizontal  shear  waves.  The  pattern  of 
dispersion  would  send  waves  out  in  a  elliptical  pattern  extending  further  to  the  sides  of  the  roller 
than  fore  and  aft.  The  area  directly  to  the  front  of  the  roller  would  have  the  least  warning  and 
protection.  This  could  be  off-set  by  a  number  of  means. 
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First,  the  system  would  probably  work  best  in  tandem  with  another  device  so  that  their  patterns 
overlap.  Next,  the  vehicles  would  clear  wide  lanes  by  working  in  a  lazy  “S”  pattern  or  some  other 
pattern  that  took  advantage  of  the  powerful  horizontal  vibrations.  Third,  the  devices  would 
operate  at  slower  speeds  when  they  were  proceeding  directly  to  the  front  because  of  the  increased 
risk  and  less  warning  space.  Finally,  the  roller  could  have  a  sensor  array  on  the  front  to  assist  in 
detecting  threats  and  stopping  or  redirecting  the  vehicle  if  there  is  danger.  The  next  illustration 
depicts  the  “Ground  Roll”  fan  and  the  Detonation,  Disruption,  and  Detection  Zones. 


Mertz  Horizontal  Shear  Wave  Pattern 


©  1996  Capstone,  Inc.  &  Mertz,  Inc. 

There  are  other  benefits  of  the  wide  fan  generated  by  the  SCMV.  One  of  the  most  dangerous 
operations  for  a  military  unit  is  breaching  an  enemy  defense.  The  current  doctrine  calls  for  a  mix 
of  tools  that  include  roller  tanks,  line  charges  and  ordinance  specialist.  In  the  end,  the  initial 
breach  is  often  a  series  of  narrow  lanes  that  channel  vehicles,  slow  unit  movement,  and  increase 
vulnerability.  The  window  of  tactical  surprise  is  often  narrow.  Historically,  units  have  suffered 
great  casualties  in  attempting  to  breach  mine  fields. 

The  assaulting  forces  could  employ  the  unmanned  SCMV  to  open  wide  lanes  in  the  area  of  the 
Axis  of  Advance.  The  vibrators  could  allow  commanders  to  conserve  specialized  Combat 
Engineer  units  for  more  specific  missions.  Also,  the  employment  pattern  for  the  SCMV  would 
allow  the  breaching  team  to  open  a  series  of  lanes,  or  a  “safe  mobility  zone”  much  wider  than 
current  standards  may  allow.  For  example,  a  team  of  two  Seismic  Counter  Mine  Vehicles 
would  probably  be  able  open  a  breach  sixty  meters  (60m)  wide  and  two  hundred  meters  (200m) 
long  in  less  than  ten  minutes  without  exposing  soldiers  to  direct  hostile  fire.  Such  a  scenario 
could  be  proven  in  further  field  testing.  The  next  illustration  gives  a  rough  idea  of  the  lane  width 
that  could  be  cleared  by  a  vibrator.  The  width  of  the  lane  is  a  factor  of  the  clearing  pattern,  the 
roller  force,  and  the  shear  wave  frequency. 
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Breaching  Lane  Clearance 

0 


Direction  of  Travel 


ESTIMATED  SAFE  LANE 


^ ^ 


I 


I 


Lateral  Sweeps  or  “S”-  Turns  Will  Widen  The  Safe  Zone 
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Detection  Zone 
Disruption  Zone 
Detonation  Zone 


Another  valuable  tool  for  the  SCMV  would  be  the  integration  of  day  and  night  video  imaging 
cameras  and  some  form  of  magnetic,  sonic,  or  thermal  sensing  equipment.  All  of  these  should 
utilize  a  down-link  capability  to  share  information  with  operational  leaders  and  planners,  far 
removed  from  the  immediate  tactical  zone.  The  technology  could  be  another  piece  of  the 
integrated  battlefield,  providing  useful  information  to  commanders  and  their  staffs.  The  figure 
below  illustrates  the  wide  sweep  of  a  sensor  array  for  this  system. 

Remote  Control  Mine  Detection  Sensors 


LATERAL  SCAN  LATERAL  SCAN 


FRONTAL  SCAN 
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Smaller  Seismic  Counter  Mine  Vehicles  could  provide  great  value  to  tactical  units,  while 
dedicated  vehicles  like  that  of  Design  Concept  2  could  be  controlled  by  the  Combat  Engineer 
resources  supporting  a  given  mission. 

General  Advantages  &  Benefits 

Technical 

The  use  of  the  SCMV  for  mine  detection  and  clearance  could  revolutionize  the  doctrines  of  mine 
countermeasures.  In  the  zones  surrounding  the  SCMV  path,  all  mines  should  be  either 
spontaneously  detonated  or  floated  to  the  surface.  The  vibrations  should  expose  both  metallic  and 
non-metallic  devices.  Large  areas  could  be  rapidly  marked,  mapped,  and  cleared  without  the  risk 
of  direct  contact  with  the  mines.  Moreover,  the  unmanned  SCMV  could  be  low  in  cost  and  easily 
repairable  unless  it  was  destroyed  by  hostile  fire. 

A  seismic  mine  clearing  vehicle  would  employ  current  technologies.  The  Mertz  equipment  is 
currently  deployed  worldwide  and  has  been  proven  in  all  types  of  circumstances,  except  combat. 
The  technology  is  available  without  extensive  research  and  development. 

Tactical 

The  SCMV  could  provide  a  new  degree  of  flexibility  to  battlefield  leaders.  This  equipment  could 
greatly  reduce  risk  of  damage  to  vehicles,  traffic  jams  in  breaching  lanes,  and  the  casualties 
associated  with  such  operations.  Wide  lanes  could  be  cleared  for  various  tactical  needs.  Also,  the 
SCMV  could  move  with  the  heavy  combat  vehicles  of  the  supported  units.  Although  it  may  not 
have  the  dash  speed  of  an  Abrams  tank,  the  SCMV  may  be  able  to  keep  pace  with  methodical 
clearing  and  bounding  overwatch  movements. 

Also,  the  devices  could  be  used  to  map  and  clear  known  hazards  in  less  hostile  circumstances. 
There  is  also  a  secondary  application  of  this  vehicle.  The  shear  wave  vibrator  roller  could  be  used 
to  provide  expedient  soil  compaction  for  road  repair  and  assault  strip  construction.  In  the  end,  the 
greatest  tactical  advantages  are  that  the  system  buys  time  for  the  commander  while  reducing  the 
risk  of  exposure  to  hostile  fire. 

The  system  would  provide  an  excellent  means  of  post-operation  area  clearance.  For  example,  the 
vehicle  could  clear  specified  tracks  to  provide  safe  areas  for  combat  support  and  service  support 
organizations.  Rear  area  routes  and  road  networks  could  be  cleared  quickly  by  running  the 
device  over  the  road  or  parallel  to  the  road.  Once  the  critical  tactical  areas  and  routes  were 
cleared  could  be  diverted  to  humanitarian  operations. 

Humanitarian 

The  SCMV  could  serve  humanitarian  needs  by  clearing  known  threat  areas  and  assisting 
organizations  in  mapping  or  locating  hazards.  This  device  provides  a  means  of  hands  off,  wide 
area  clearing  that  could  help  in  rebuilding  civil  infrastructures  after  a  conflict.  In  addition,  it 
could  quickly  return  large  plots  of  land  to  productive  uses.  The  SCMV  could  be  a  symbol  of 
national  good  will  by  helping  nations  be  free  of  the  millions  of  mines  that  deny  access  to 
productive  lands  around  the  world. 


?'79 


Copyright  1996  Capstone,  Inc.  &  Mertz,  Inc. 


Application  of  Seismic  Vibration  Concepts  for  Rapid  Mine  Clearance  and  Detection 
Symposium  on  Technology  and  the  Mine  Problem  November  21, 1996 


General  Constraints  &  Limits 

Technical 

The  use  of  seismic  vibration  technology  would  not  completely  eliminate  the  need  for  skilled 
ordnance  disposal  teams  or  other  types  of  mine  clearing  equipment.  The  effectiveness  of  the 
equipment  in  a  particular  area  will  be  influenced  by  soil  conditions  which  will  affect  energy 
transfer  and  the  ability  to  liquefy  soil.  In  addition,  specialized  Anti-Tank  mines  may  not  be 
destroyed.  However,  based  on  our  understanding,  they  could  be  floated  for  later  destruction. 

Tactical 

The  SCMV  is  limited  in  mobility.  The  large  roller  could  damage  road  surfaces.  It  is  likely  that 
the  vehicle  would  need  to  be  carried  to  the  operational  area  by  trailer. 

Humanitarian 

The  vehicle  will  not  be  able  to  detonate  devices  that  are  in  inaccessible  areas.  Also,  the  teams 
will  still  require  skilled  emergency  ordnance  demolition  specialists  to  remove  or  destroy  devices 
uncovered,  but  not  destroyed  by  the  SCMV. 

Prototype  Development  Recommendations 

The  prototype  options  point  to  either  an  attachment  to  an  existing  combat  vehicle  or  a  stand  alone 
shear  wave  Seismic  Counter  Mine  Vehicle.  Because  both  devices  would  use  the  same  type  of 
roller  and  vibrator  assembly,  there  might  be  wisdom  in  developing  both  types.  First,  a  smaller  kit 
could  be  used  for  localized  tactical  threats,  while  the  stand  alone  SCMV  could  be  retained  for 
more  focused  missions.  The  development  process  would  benefit  from  the  lessons  learned  in 
developing  the  attachment  kit  and  the  separate  vehicle. 

Because  the  technology  is  proven,  it  would  be  easy  to  begin  the  development  of  a  prototype 
model  SCMV  now.  However,  there  are  a  number  of  experiments  and  tests  that  would  be  critical 
to  developing  the  SCMV  that  would  add  immediate  value  to  the  military  and  humanitarian 
groups. 

Critical  Development  Experiments  and  Tests 

The  following  tests,  calculations,  or  evaluations  would  be  useful  to  the  development  effort.  These 
could  be  quickly  performed  based  on  the  availability  of  information  from  the  appropriate 
directorates. 

I.  Calculate  the  optimal  vibration  actuation  envelopes  from  the  known  families  of  mines. 

This  would  provide  valuable  data  in  designing  a  precise  performance  standard  for  the  vibrator. 

II.  Determine  the  surface  wave  radiation  patterns  for  the  device. 

This  data  can  be  collected  with  a  shear  wave  vibrator,  geophones,  and  a  recording  device.  The 
wave  radiation  pattern  will  help  adjust  the  performance  envelope  for  the  SCMV.  Another  aspect 
of  this  step  would  be  determining  the  soil  liquefaction  criteria  for  key  geographic  regions.  This 
will  provide  performance  “boundary  stones”  for  modeling  the  detonation  and  detection  standards. 
It  could  assess  soil  liquefaction  criteria  by  type,  temperature,  moisture,  and  cohesiveness. 
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HI.  Determine  the  prototype  specification. 

This  would  define  the  most  powerful  device  which  could  be  produced  and  function  within  the 
current  military  vehicle  operational  constraints.  For  example  the  theoretical  power  is  unbounded. 
Yet  a  point  will  be  reached  where  the  size  of  the  device  and  energy  output  would  be  impractical 
for  both  military  and  humanitarian  missions.  Consideration  would  be  given  to  production, 
transportation,  and  maintenance  constraints. 

IV.  Conduct  structured  detonation  and  detection  tests  with  current  production  vibrators. 

This  test  would  provide  detailed  data  regarding  forces  required  to  detonate  various  devices  and 
fusing  mechanisms. 

V.  Conduct  detonation  tests  for  trip  wire  devices. 

This  would  allow  data  to  be  gathered  on  the  vibration  impact  on  wire  triggers  and  pins  from 
various  angles  to  assess  limitations. 

VI.  Develop  the  prototype  roller  vibrator  device  and  conduct  tests  to  validate  performance 
expectations. 

The  prototype  roller  would  be  used  to  validate  the  detonation,  detection,  and  disruption  zones  of 
the  system.  This  should  include  tests  with  both  inert  and  live  devices  in  order  to  assess  the  impact 
of  blast  damage  and  force  on  the  performance  envelop. 

VII.  Develop  a  mobile  prototype  vehicle  to  apply  the  lessons  gained  from  the  earlier  tests. 

This  step  could  begin  simultaneously  with  the  development  of  the  prototype  roller.  Based  on  the 
results  of  this  test  program,  a  produetion  design  could  be  finalized  and  the  first  vehicle  fielded. 

Assuming  that  the  performance  standards  were  met,  the  team  could  then  freeze  the  design 
envelope  and  translate  its  findings  into  a  production  version  to  include  valid  product  structures,  a 
material  plan,  production  routings,  and  logistical  support  requirements.  CURRENTLY  MERTZ 
FIELDS  A  CUSTOM  ENGINEERED  SEISMIC  VIBRATOR  VEHICLE  FOR  THE 
PETROLEUM  INDUSTRY  IN  ONLY  150  DAYS  FROM  CUSTOMER  ORDER.  Reaction  time 
could  be  rapid  once  a  design  was  complete. 

Summary  and  Conclusion 

Mertz,  Inc.  is  encouraged  by  the  initial  assessment  of  shear  wave  vibration  technology’s  ability  to 
defeat  land  mines.  We  solicit  your  support  in  helping  translate  this  proven  technology  into  a  new 
realm  in  order  to  save  lives  and  assist  in  providing  effective  countermeasures  against  mine 
threats. 

The  next  step  in  the  development  process  would  be  to  complete  the  experiments,  tests,  and 
calculations  discussed  above.  Once  analysis  begins,  Mertz  could  have  a  functional  prototype 
vehicle  ready  for  field  testing  within  a  short  period  of  time. 
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End  Notes 

1-  Associated  Press  Article  1 1/4/96  “U.N.  Mine  Ban  Proposal” 

2-  “Searching  for  Land  Mines”,  Steven  Ashley,  Mechanical  Engineering,  April  1996 

3- Vibrations  of  Soils  and  Foundations,  F.E.  Richart,  et  al  p.  172 

4-  See  U.S.  Patent  #  5,125,317,  dated  30  June  1992,  Israel  Aircraft  Industries,  “Apparatus  for  Detecting  Mines.” 

All  Other  information  is  based  on  direct  observation,  informed  sources,  or  derived  from  the 
Mertz,  Inc.  Archives  and  Design  Records. 

Mertz,  Inc.  and  Capstone,  Inc.  would  like  to  express  their  gratefulness  for  the  diligent  research 
and  wise  insights  provided  by  Mr.  Dennis  Reust  of  Ponca  City,  Oklahoma. 
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Abstract 

The  Explosive  Neutralization  Advanced  Technology 
Demonstration  (ENATD)  Program  is  a  U.S.  Navy  program 
instituted  to  demonstrate  the  technology  need  to  explosively 
neutralize  anti-invasion  and  anti-tank  mines  in  the  surf  zone  and 
beach  zone  to  support  USN/USMC  far  term,  in  stride 
maneuver-ffom-the-sea  Mine  Countermeasures  (MCM) 
requirements.  To  accomplish  the  objectives,  the  ENATD  has 
developed  a  fire  control  system  to  launch  unguided  rockets 
which  deploy  line  charges  and  surf  zone  arrays  (nets)  from  the 
Landing  Craft,  Air  Cushion  (LCAC).  The  ENATD  fire  control 
concept  relies  on  unguided  mine  clearing  munitions  launched 
from  an  unstabilized  platform;  therefore,  LCAC  motion  is 
critical  to  the  accuracy  of  the  fire  control  system.  A  test  series 
was  performed  in  February  1994  to  determine  LCAC  motions 
during  low-speed  repositioning  and  stationkeeping  maneuvers 
as  a  function  of  operator  and  environmental  input.  This  test 
series  measured  the  motions  of  the  LCAC  in  six  degrees  of 
freedom,  the  positions  of  the  operator's  controls,  wind  speed, 
and  wave  height.  Using  this  data,  the  responses  of  the  LCAC 
to  operator  and  environmental  inputs  were  empirically  modeled 
to  enable  fire  control  algorithm  development  and  evaluation. 

Since  repositioning  and  reorienting  the  craft  are  critical  to 
generating  ballistic  solutions  for  an  unguided  munition 
launched  from  an  unstabilized  platform,  autonomous  control 
algorithms  were  developed  and  implemented  in  the  vehicle 
response  model  for  evaluation.  The  autonomous  control 
algorithms  consist  of  multiple-input,  single-output,  nested 
proportional  derivative  (PD)  rate  controllers.  These  controllers 
generate  the  operator  control  signals  to  control  the  three  degrees 
of  freedom  in  the  horizontal  plane  (longiiudina!  position,  lateral 
position,  and  craft  heading)  and  are  implemented  in  software. 
The  control  algorithms,  which  calculate  the  craft  operator 
inputs  directly  under  computer  control,  not  only  reduce  the  time 
required  to  reposition  the  craft  but  also  reduce  the  operator’s 
workload  during  repositioning  and  stationkeepirig.  During 
testing  in  October  and  November  1995,  autonomous  control 
decreased  repositioning  and  reorienting  times  by  40  percent 
compared  to  an  experienced  LCAC  operator. 

Although  the  autonomous  algorithms  were  primarily 
developed  for  stationkeeping  and  low-speed  LCAC 
repositioning,  subsequent  tests  have  demonstrated  their  ability 
to  maintain  course  and  speed,  execute  coordinated  turns  at 
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speeds  up  to  40  knots,  and  traverse  predefined  lanes. 
Theseautonomous  control  capabilities  for  the  LCAC  provide 
significant  benefits  for  other  LCAC  mission  areas. 

Introduction 

Development  of  the  Landing  Craft,  Air  Cushion  (LCAC) 
Autonomous  Craft  Controller  spawned  from  the  Explosive 
Neutralization  Advanced  Technology  Demonstration  (ENATD) 
project.  The  ENATD  is  a  Shallow  Water  Mine  Counter 
Measures  (SWMCM)  project  sponsored  by  NAVSEA  PMS  407 
and  employs  a  fire  control  system  to  automatically  launch 
unguided  rocket-propelled  line  charges  and  net  charges  from 
the  unstabilized  deck  of  an  LCAC.  When  in  Fleet  use,  these 
line  charges  and  net  charges  will  detonate  to  explosively 
neutralize  mines  in  the  surf  zone. 

The  LCAC,  Fig.  1,  is  a  high-speed  fully  amphibious 
hovercraft  capable  of  carrying  a  60-ton  payload.  Over  eighty 
LCACs  are  in  service  for  the  U.S  Navy.  The  LCAC's  principal 
characteristics  are  listed  in  Table  1. 


Fig.  1.  LCAC 


The  appearance  of  trade  names  in  this  document  does  not 
constitute  endorsement  by  the  Department  of  Defense;  the  Navy; 
or  the  Coastal  Systems  Station  Dahlgren  Division,  Naval  Surface 
Warfare  Center, 


TABLE  I. 

Lcac  Principle  Characteristics 


Descriptive  Characteristic 

Quantity  A^alue 

Speed,  Sea  State  2 

>  40  knots 

Speed,  Sea  State  3 

>30  knots 

Range  (nominal) 

200  nautical  miles 

Length  (on  cushion) 

87  feet  1 1  inches 

Beam  (on  cushion) 

47  feet 

Height  (on  cushion  land) 

23  feet  8  inches 

Cargo  Area 

1,809  square  feet 

Deck  Width 

27  feet 

Tiedowns 

4  rails  with  tiedown  sockets,  spacing  12 
inch  nominal  (244  tiedown  sockets  total) 

The  LCAC’s  control  system  is  a  fly-by-wire  system  called  the 
Control  Systems  Electronics  Package  (CSEP).  The  LCAC  has 
three  types  of  control  surfaces  available  for  maneuvering: 
propeller  pitch,  bow  thruster  angle,  and  rudder  angle.  Fig.  2 
shows  the  operator  controlled  forces  acting  in  the  horizontal 
plane  on  the  LCAC. 

Two  rotating  bow  thrusters  on  the  LCAC  provide  a  constant 
force  whose  direction  is  controlled  by  the  bow  thruster  yoke 
and  the  bow  thruster  mode  switch.  During  high-speed 
operation,  the  bow  thruster  mode  switch  is  set  to  forward  mode. 
In  forward  mode,  bow  thruster  outflow  is  directed  aft  to  provide 
forward  thrust.  During  low-speed  maneuvers,  the  bow  thruster 
mode  switch  is  set  to  reverse  mode,  which  directs  the  bow 
thruster  nozzles  to  vent  forward,  creating  reverse  thrust.  In 
either  mode,  the  LCAC  operator  uses  the  bow  thruster  yoke  to 
change  the  angle  of  the  bow  thrusters,  providing  a  turning 
moment  for  the  craft. 

The  LCAC  is  equipped  with  two  variable  pitch,  shrouded 
propeller  assemblies  at  the  stem  to  provide  controllable  forward 
and  reverse  thrust.  Prop  pitch,  i.e.  blade  angle,  is  set  by  two 
levers,  one  for  the  port  propeller  and  one  for  the  starboard 
propeller,  which  can  be  set  independently.  The  independent 
setting  of  port  and  starboard  prop  pitch  will  produce  a 
differential  thrust  which  results  in  a  yaw  moment.  The  forward 
thrust  capability  of  the  props  is  significantly  greater  than  their 
reverse  thrust.  A  prop  pitch  vernier  control  on  the  bow  thruster 
yoke  allows  a  small  change  in  both  port  and  starboard  prop 
pitch,  without  using  the  levers. 
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Fig.  2.  LCAC  Control  Forces 

Twin  rudders  mounted  behind  each  propeller  provide  lateral 
force  and  turning  moment  by  redirecting  airflow  from  the 
propellers.  The  rudders  are  effective  only  when  forward  prop 
pitch  is  applied.  A  radder  pedal  assembly  controls  the  angle  of 
both  rudder  pairs  simultaneously. 

With  the  bow  thmsters  in  reverse  mode,  the  LCAC  can  be 
held  stationary  with  a  small  amount  of  forward  prop  pitch, 
depending  on  the  wind  conditions.  Even  a  small  forward 
positive  prop  pitch  produces  sufficient  airflow  over  the  rudders 
to  maintain  their  effectiveness.  Thus,  the  craft  can  be  translated 
sideways  by  working  the  props/rudders  against  the  bow 
thrusters  to  generate  a  net  side  force  vector  with  no 
corresponding  turning  moment.  This  particular  maneuver  is 
required  for  stationkeeping  and  low  speed  repositioning  and 
reorientation  for  deploying  mine  clearing  munitions. 

In  support  of  ENATD  fire  control  algorithm  development,  a 
test  series  was  performed  with  LCAC  66  in  February  1994. 
The  purpose  of  this  test  series  was  to  measure  LCAC  motions 
during  low  speed  repositioning  and  hovering  maneuvers  as  a 
function  of  operator  and  environmental  input.  Since  the 
ENATD  fire  control  concept  consists  of  unguided  mine  clearing 
munitions  launched  from  an  unstabilized  platform,  craft 
motions  are  critical  to  the  accuracy  of  the  fire  control  system. 
During  the  testing,  motion  data  in  six  degrees  of  freedom,  the 
positions  of  the  operator’s  controls,  wind  speed,  and  wave 
height  were  measured.  Using  this  data,  the  response  of  the 
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LCAC  to  operator  and  environmental  inputs  was  modeled  to  a 
sufficient  degree  to  enable  fire  control  algorithm  development 
and  evaluation. 

Since  repositioning  and  reorienting  the  craft  are  critical  to  the 
generation  of  ballistic  solutions  for  an  unguided  munition 
launched  from  an  unstabilized  platform,  an  autonomous  control 
algorithm  was  derived  and  implemented  in  the  vehicle  response 
model  (LCACSIM)  for  evaluation.  The  control  algorithm 
generates  the  craft  operator  inputs  directly  under  computer 
control,  relieving  the  craft  operator  of  the  tiresome  task  of 
precise  craft  control  necessary  for  obtaining  ballistic  solutions 
in  a  timely  manner. 

Autonomous  Craft  Controller  Design  Approach 

It  was  originally  intended  to  use  a  fuzzy  logic  controller 
based  design,  but  after  achieving  promising  results  in  the 
software  model  LCACSIM,  Fig.  3,  with  a  controller  topology 
based  proportional  derivative  (PD)  control,  it  was  decided  to 
pursue  development  of  PD  controllers.  Initially,  heading 


control  using  only  the  bow  thrusters  as  the  active  control 
surface  was  examined.  By  using  a  PD  controller  to  control 
heading  rate,  and  making  the  commanded  heading  rate  a 
function  of  the  current  heading  error,  a  stable  response  was 
achieved.  This  rate  selector  with  nested  PD  controller  topology 
is  shown  in  Fig.  4. 

Since  the  output  of  the  PD  controller  is  a  delta  command 
which  is  integrated  and  then  limited  to  the  acceptable  range  of 
the  control  surface,  this  controller  topology  proved  to  have  a 
certain  degree  of  adaptability  to  unestimated  outside  forces  as 
would  be  caused  by  environmental  conditions,  i.e.,  wind  and 
wave  forces  acting  on  the  LCAC.  Being  satisfied  with  the 
performance  of  this  controller  topology  in  controlling  heading 
in  the  software  model,  two  similar  controllers  in  LCACSIM  for 
the  prop  pitch  and  rudder  controls  were  coded.  Initially,  the 
bow  thruster  controller  controlled  heading,  the  prop  pitch 
controller  controlled  longitudinal  position,  and  the  rudder 
controller  controlled  lateral  position.  Although  the  operation  of 
the  first  two  controllers  is  apparent,  the  effect  of  the  rudder 
controller  on  lateral  position  is  more  indirect.  The  rudders 
induce  a  yaw  moment,  which  is  not  particularly  beneficial  for 
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*  LOCATED  IN  INITIALIZATION  FILE 


Fig.  3.  LCACSIM  Block  Diagram 
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Fig.  4.  Rate  Selector/PD  Controller  for  a  Single  Degree  of  Freedom 


controlling  lateral  position.  However,  the  rudders  producing  a 
yaw  moment  in  one  direction,  cause  the  bow  thruster  controller 
to  correct  by  producing  a  moment  in  the  opposite  direction. 
The  moments  cancel  and  the  resultant  force  vector  from  the 
bow  thrusters  and  rudders  induces  lateral  translation. 

Since  the  three  horizontal-plane  degrees-of-freedom  are 
controlled  by  the  autonomous  algorithms,  each  commanded 
waypoint  consists  of  three  values:  heading,  longitudinal 
position,  and  lateral  position.  Assigning  one  controller  per 
degree  of  freedom  yielded  a  straightforward  design.  All  that 
was  needed  was  a  "command  processor"  to  perform  the 
necessary  coordinate  transformations  on  the  error  values  for  the 
position  controllers.  Navigation  data  is  corrected  to  the  craft 
center  for  purposes  of  symmetry  in  controller  response.  Experi¬ 
mentation  with  this  initial  controller  design  showed  that  it 
worked  well  for  hovering,  but  more  logic  was  needed  in  the 
"command  processor"  to  ensure  satisfactory  behavior  while 
transiting  between  waypoints.  As  a  result,  the  commanded 
heading  was  modified  to  point  directly  toward  the  next 
waypoint  if  approaching  from  a  distance.  To  keep  the  craft  on 
line  while  traveling  between  waypoints,  calculation  of  the 
lateral  error  was  made  dependent  on  the  distance  to  the  com¬ 
manded  waypoint. 

It  was  apparent  from  early  on  that  while  controlling  heading 
and  longitudinal  position  were  simple,  because  of  sufficient 
force  from  the  applicable  control  surfaces,  controlling  lateral 
position  (i.e.  translation)  would  be  a  greater  challenge.  The 
original  algorithm  design  required  constant  positive  prop  pitch 
to  provide  airflow  over  the  rudders  to  make  them  effective  in 
controlling  lateral  position.  When  the  craft  is  pointed  into  a 
stiff  headwind,  this  is  not  a  problem  since  the  combination  of 
bow  thrusters  in  reverse  mode  and  the  force  from  the  head  wind 
is  sufficient  to  ensure  the  prop  pitch  controller  commands 
positive  prop  pitch  for  extended  periods  of  time.  A  beam  wind 
or  tailwind  does  not  offer  this  benefit,  so  lateral  control 
suffered.  (This  was  verified  during  testing  aboard  LCAC  66  in 
April  1995.)  Therefore,  a  controller  was  added  to  control 
differential  prop  pitch. 


Since  differential  prop  pitch  is  another  method  of  generating 
a  yaw  moment,  this  controller  was  assigned  to  supplement  the 
rudder  controller  and  give  more  force  for  lateral  translation.  It 
was  successful  in  both  the  model  and  the  actual  craft,  but  the 
individual  PD  controller  coefficients  sometimes  needed  to  be 
adjusted  for  the  algorithms  to  perform  satisfactorily  in  a  variety 
of  wind  conditions.  It  was  impractical  to  "tweek"  the  controller 
coefficients  to  adjust  to  nominal  wind  conditions,  but  the 
algorithms  were  performing  well  enough  to  not  warrant  any 
major  restructuring.  Some  logic  to  reverse  the  direction  of  the 
rudders  for  negative  commanded  prop  pitch  was  included, 
although  this  had  a  minor  effect. 

In  addition  to  demonstrating  stationkeeping  and  short 
distance  repositioning,  this  algorithm  design  was  also  demon¬ 
strated  to  be  capable  of  lanekeeping.  During  the  Concept  of 
Employment  (COE)  test  for  SWMCM  systems,  the  LCAC 
successfully  traversed  approximately  1,5  miles  between  two 
waypoints  while  not  varying  more  than  several  meters  from  the 
lane  center  line.  Data  for  this  run  is  presented  in  Fig.  5.  The 
speed  for  this  maneuver  was  10  knots,  but  in  subsequent  tests 
similar  runs  were  made  at  20  and  30  knots.  The  lane  traversal 
runs  were  not  given  a  high  priority  since  the  focus  at  that  time 
was  stationkeeping. 

The  biggest  advance  in  algorithm  structure  and  performance 
occurred  during  the  ENATD  Airgun  Fire  Control  System  Test. 
One  of  the  objectives  of  the  Airgun  Test  was  to  produce  a 
comparison  of  mission  times  for  a  manually  and  autonomously 
controlled  LCAC.  The  Airgun  Test  consisted  of  hovering  the 
LCAC  at  four  preselected  launch  waypoints  and  allowing  the 
ENATD  prototype  fire  control  system  to  achieve  a  ballistic 
solution.  Upon  achieving  a  ballistic  solution,  a  projectile  was 
automatically  launched  by  the  fire  control  computer  from  the 
LCAC.  Launch  time,  vehicle  state,  and  projectile  impact 
position  were  recorded  for  each  shot.  During  preliminary  dry 
fire  runs,  the  autonomous  algorithms  were  slightly  slower  than 
the  LCAC  operator  in  inducing  the  LCAC  to  translate  laterally. 
This  led  to  reassigning  two  of  the  controllers  to  different 
degrees  of  freedom.  Swapping  the  duties  of  the  bow  thruster 
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controller  and  the  differential  prop  pitch  controller  degraded 
heading  control  but  improved  markedly  lateral  translation.  This 
indicated  that  in  addition  to  providing  a  sizable  yaw  moment, 
the  bow  thrusters  generated  a  considerable  lateral  force.  Rather 
than  optimizing  a  new  set  of  coefficients  for  the  "swapped" 
controller  topology,  the  two  controllers  were  combined  so  that 
each  controlled  multiple  degrees  of  freedom.  This  use  of 
multiple-input,  single-output,  nested  PD  rate  controllers 
exhibited  superior  performance  by  providing  more  translational 
control  power  in  all  wind  conditions  without  the  traditional 
"tweeking"  of  individual  PD  controller  gains.  Successful  lateral 
translation  has  been  demonstrated  in  winds  up  to  15  knots, 
which  is  generally  considered  to  be  the  operational  limit  of  the 
LCAC  for  low-speed  maneuvers. 


Fig.  5.  1.5-Mile  LCAC  Traversal 

The  multiple- input,  single-output  controller  topology  reduced 
mission  time  by  40  percent  compared  to  the  mission  times  of  an 
experienced  LCAC  operator.  The  variation  in  mission  times 
decreased  by  a  factor  of  three.  Results  are  shown  in  Fig.  6  and 
7.  The  same  controller  topology  was  also  used  in  Operation 
Purple  Star,  CJTFX-96,  to  hover  and  reposition  an  LCAC  in 
while  manually  launching  M68  line  charges  in  the  surf  zone. 
The  controller  demonstrated  the  capability  to  perform  the 
mission  with  significantly  less  repositioning  time  compared  to 
an  experienced  LCAC  operator. 


demonstrated  the  ability  of  the  craft  to  cruise  at  high  speed  (40 
knots),  while  maintaining  course.  While  underway,  course 
changes  were  input  to  the  control  algorithms  to  evaluate  their 
ability  to  perform  high-speed,  coordinated  turns.  (Limiting  the 
allowable  heading  rate  during  a  high-speed  turn  is  termed  a 
coordinated  turn.) 


AVERAGE  TIME  =  24.2  sec 
STANDARD  DEV  :=  9  sec 


Fig.  6.  Man-In-Loop  AirGun  Test  Times 


At  the  conclusion  of  the  Airgun  Test,  several  runs  were  made 
with  a  modified  set  of  autonomous  algorithms  to  assess  high¬ 
speed  control  of  the  LCAC.  The  command  processor  waypoint 
data  was  replaced  with  a  commanded  heading  and  speed. 
Lateral  position  control  was  zeroed,  in  effect  creating  a  course 
and  speed  autopilot  system.  This  modified  set  of  algorithms 


AVERAGE  TIME  =  40.4  sec 
STANDARD  DEV  =  26  sec 


Fig.  7.  Autonomous  Algorithm  Test  Times 
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Autonomous  Craft  Controller  Description 

The  block  diagrams  for  autonomous  algorithm  processing  are 
shown  in  Fig.  8  through  12.  The  main  algorithm  components 
are  the  command  processor,  the  bow  thruster  controller,  the 
prop  pitch  controller,  and  the  rudder  controller.  The  algorithms 
are  coded  in  Borland  Pascal  and  executed  on  an  486  or  better 
personal  computer  (PC)  running  under  the  DOS  environment. 

The  hardware  used  to  implement  autonomous  control 
consisted  of  a  Litton  LN-IOOG  GPS  Inertial  Navigation 
Assembly  (GINA)  for  navigation  data,  a  ruggedized  PC  to 
process  navigation  and  attitude  data  and  to  calculate  craft 
control  inputs,  a  custom  PC/CSEP  interface  box  to  relay 
commands  from  the  computer  to  the  LCAC,  a  switch  and 
indicator  light  mounted  near  the  craft  operator  to  select  autono¬ 
mous  operation,  and  a  laptop  computer  to  display  data  on 
autonomous  control  mission  status.  The  block  diagram  for  this 
setup  is  shown  in  Fig.  13. 

The  GINA  was  used  since  it  is  an  integral  part  of  the  ENATD 
fire  control  system.  One  key  issue  is  noise  versus  time  lag  from 
the  navigation  sensors.  If  a  lower  sample  rate  is  used,  more 
noise  and  error  enter  the  control  loops  causing  oscillations  in 
the  response  of  the  control  surfaces.  Some  of  the  noise  can  be 
filtered  out,  but  at  the  expense  of  introducing  a  time  lag  in  the 
data  which  leads  to  undesirable  oscillations  in  the  craft  re¬ 
sponse.  Even  with  the  GINA  providing  the  navigation  and 
attitude  data  to  the  control  algorithms,  considerable  effort  in  the 
area  of  signal  processing  was  necessary  to  minimize  the  noise 
versus  lag  problem. 

The  computer  used  was  a  ruggedized  pentium  computer 
equipped  with  a  12  bit,  6  channel  digital  to  analog  (D/A)  board; 
an  8  channel  analog  to  digital  (A/D)  board;  a  1553  bus  interface 
board;  and  a  custom  buffered  serial  output  (BSO)  board.  The 
A/D  board  contains  a  programmable  onboard  clock  circuit  that 
generates  an  interrupt  on  the  PC  bus  to  synchronize  timing. 
The  A/D  board  clock  frequency  is  set  to  32  Hz  to  coincide  with 
the  data  rate  of  the  LN-IOOG  on  the  1553  bus. 

The  computer  interfaces  to  the  LCAC  control  system  via  the 
PC/CSEP  interface  box,  which  connects  to  CSEP  channel  A  and 
supports  two  modes  of  operation;  data  manual  control  mode 
and  autonomous  control  mode.  A  switch  located  next  to  the 
craft  operator  enables  switching  between  the  modes. 


In  the  autonomous  control  mode,  computer-generated  signals 
for  the  bow  thruster,  prop  pitch,  and  rudder  commands  are 
transmitted  from  the  computer's  D/A  board  to  the  appropriate 
CSEP  inputs.  To  engage  the  autonomous  mode,  the  craft 
operator’s  switch  must  be  in  the  autonomous  mode  and  the 
computer’s  autonomous  algorithms  must  be  running.  If  either 
condition  is  not  met,  the  PC/CSEP  interface  will  not  allow 
autonomous  control  mode  to  be  engaged.  An  indicator  light 
adjacent  to  the  craft  operator's  switch  indicates  whether 
autonomous  control  mode  has  been  enabled. 


1.CAC  AUlONOMOUS  CRAFT  CONTROIj  FR 


Fig.  8.  LCAC  Autonomous  Craft  Controller 

Conclusions 

The  autonomous  control  system  developed  under  the 
ENATD  has  been  demonstrated  to  be  capable  of  controlling  the 
LCAC  for  low  speed  positioning  and  stationkeeping  in  Sea 
State  2  in  support  of  the  far  term  SWMCM  mission.  In 
addition,  the  system  was  successful  in  controlling  the  craft  for 
lanekeeping  and  coordinated  turns  at  higher  speeds. 

Currently  the  system  is  implemented  as  a  prototype  develop¬ 
ment  testbed,  but  plans  are  being  developed  to  field  a  produc¬ 
tion  kit  to  the  U.S.  Navy  under  the  project  name  SWMCM  Kit 
for  Improved  Piloting  Performance  (SKIPPER).  PMS  377,  the 
LCAC  Program  Office,  is  also  interested  in  incorporating  the 
Autonomous  Craft  Controller  functions  aboard  the  LCAC  under 
the  Service  Life  Extension  Program  (SLEP),  contingent  on 
available  funding  and  schedule  considerations. 
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COMMAND  PROCESSOR 


Fig.  9.  Command  Processor 


BOW  THRUSTER  CONTROLLER 


Fig.  10.  Bow  Thruster  Controller 


RUDDER  CONTROLLER 


Fig.  11.  Rudder  Controller 
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PROP  PITCH  CONTROLLER 


Fig.  12.  Prop  Pitch  Controller 


PILOT  SWITCH/ 
ON/OFF  INDICATOR 


Fig.  13.  ACC  Hardware 
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Rigid  Polyurethane  Foam 
Technology  for  Countermine  (Sea)  Program 


R.  L.  Woodfin 

Exploratory  Systems  Development  Center 
Sandia  National  Laboratories 
Albuquerque,  NM  87185-5800 


Abstract — ^This  paper  presents  the  results  of  a  reconunendation 
by  Sandia  National  Laboratories  that  was  approved  for 
investigation  as  a  subtask  sponsored  by  the  SECDEF  Office  of 
Munitions  and  the  joint  DOE/DoD  Memorandum  of  Understanding 
(MOU)  for  the  Countermine  Warfare  Program.  The  development 
of  a  rigid  pofyurediane  foam  (RPF)  system  that  can  neutralize  mines 
and  beach  barriers  to  allow  the  safe  passage  of  amphibious  landing 
craft  and  vehicles  was  the  objective  of  the  subtask.  This  first  phase 
of  the  program  was  a  feasibility  study  that  concentrated  on 
laboratory  characterization  of  foam  properties  supported  by  field 
experiments  with  prefabricated  foam  blocks  to  determine  the 
capability  of  RPF  to  carry  military  traffic.  The  experiments  in  the 
field  proved  the  inherent  strength  of  the  foam  to  withstand  repeated 
traffic  by  tracked  and  wheeled  vehicles,  established  the  flammability 
characteristics  of  the  material  under  simulated  operational 
conditions,  and  extended  the  understanding  of  explosive  cavity 
formation  in  RPF  and  its  response  to  bullet  impact. 

Introduction 

Sandia  National  Laboratories  has  completed  the  first  phase  of 
exploration  in  the  use  of  RPF  as  a  passive  method  to  neutralize 
mined  bamers.  The  RPF  material  being  considered  for  this 
application  is  stored  and  shipped  as  a  two-part  liquid  which,  after 
mechanical  mixing,  expands  to  20  to  60  times  its  original  volume 
depending  principally  on  the  strength  required  in  the  finished 
foam.  This  characteristic  allows  it  to  be  transported  with 
minimum  bulk  (ft^)  in  a  displacement  hull,  as  in  a  ship’s  tanks. 
The  material  can  be  moved  by  normal  pumps,  piping,  and  hoses 
to  the  delivery  point  where  it  mixes  and  expands  to  provide  the 
required  volume.  RPF  materials  can  be  formulated  to  expand  well 
in  water  and  to  solidify  in  minutes  forming  a  lightweight  but 
durable  surface.  Under  normal  conditions  of  use  and/or 
deployment,  this  rigid  foam  has  been  shown  not  to  produce  a 
significant  health  or  environmental  hazard. 

This  RPF  technology  is  one  subtask  of  the  Countermine  (Sea) 
Program  sponsored  by  the  MOU.  The  MOU  provided  funding  to 
Sandia  to  explore  the  potential  of  RPF  as  a  countermeasure  to  sea 
mines  and  beach  barriers.  Although  this  forms  a  new  adaptation 
of  RPF  technology,  Sandia  has  many  years  experience  with  the 
use  of  foams  in  a  variety  of  applications,  including 
structural/mechanical  components  for  weapons,  insulation  of  high 
risk  transportation  systems,  and  nonlethal  applications  for  security 
systems.  A  Technology  Coordination  Group  (TCG)  with 
representatives  from  PEG  Mine  Warfare;  Naval  Coastal  Systems 


Station;  Commander  Mine  Warfare  Command;  Office  of  the  Chief 
of  Naval  Operations,  N85;  Naval  Surface  Warfare  Center,  Indian 
Head;  USMC  Intelligence  Activity;  and  the  Office  of  Naval 
Research  was  organized.  The  Army’s  Night  Vision  and 
Electronic  Sensors  Directorate  (NVESD)  and  the  Logistics 
Integration  Agency,  a  field  operating  agency  for  the  Deputy  Chief 
of  Staff  for  Logistics  (DA  DCSLOG),  have  been  invited  within  the 
last  month  to  participate  in  this  TCG  as  well.  The  TCG  provides 
direction  and  technical  advice  from  the  Services.  If  the  technical 
feasibility  of  using  RPF  material  in  this  application  is  proven,  the 
DoD  can  contract  with  industry  to  develop  an  operational  assault 
system. 

The  Sandia  concept  envisions  the  on-site  production  and 
deployment  of  RPF  into  a  ramp-type  shape  that  would  be 
emplaced  over  the  mined  barriers  in  the  assault  lanes  of  an 
amphibious  operation  as  depicted  in  Figure  1 .  The  immediate 
task  is  to  determine  if  RPF  is  capable  of  withstanding  the  safe 
passage  of  amphibious  vehicles  and  affording  protection  against 
detonation  of  mines  in  an  anti-invasion  barrier.  The  task  in  this 
first  phase  of  the  project  was  to  determine  by  laboratory,  field 
experiments,  and  analysis  the  feasibility  of  employing  foam  that 
would  endure  the  hostile  environments  of  a  combat  assault.  A 
series  of  laboratory  experiments  were  conducted  in  Sandia’s 
chemical  laboratory  facilities.  Prefabricated  blocks  of  varying 
foam  densities  were  obtained  from  Allied  Signal,  Kansas  City, 
MO,  Field  experiments  were  performed  between  November  1 995 
and  February  1996  at  the  Energetic  Materials  Research  and 
Testing  Center  (EMRTC)  of  the  New  Mexico  Institute  of  Mining 
and  Technology,  Socorro,  NM. 

Experimental  work  to  test  the  suitability  of  using  RPF  in 
combat  situations  was  divided  into  five  categories:  Chemical 
Laboratory  work  to  verify  basic  foam  characteristics;  Operational 
Experiments  to  investigate  the  ability  to  withstand  simulated 
battlefield  conditions;  Delivery  Technique  Exploration  to  identify 
engineering  direction  and  problems;  Analytical  work  to  provide 
a  firm  basis  for  experimentation;  and  Demonstrations  of  the 
concept  to  the  military  users.  Delivery  techniques  are  under 
investigation  at  the  time  of  this  presentation  and  will  be  reported 
later  in  FY97. 

The  laboratory  work  at  Sandia  involved  the  testing  of  a  variety 
of  commercially  available  foams  for  their  ability  to  rise  and 
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produce  good  quality,  hard  foam  in  water.  Those  that  proved  best 
were  further  tested  to  determine  their  mechanical  strength  under 
different  operational  conditions.  Experiments  to  determine 
mechanical  strength  vs  foam  density,  foam  temperature,  and  time 
were  conducted.  Another  series  of  lab  experiments  investigated 
the  effects  of  varying  component  temperature,  water  temperature, 
time  to  set  up,  and  mix  precision  in  water.  Both  standard  and 
intumescent  foams  were  investigated.  A  series  of  experiments 
were  conducted  to  optimize  the  ability  of  layered  foam  to  adhere 
to  itself  without  leaving  “cold  joints”.  The  laboratory  experiments 
showed  that  some  commercially  available  RPF  products  provided 
good  foam  of  the  required  densities  under  a  reasonable  range  of 
simulated  operational  conditions.  These  results  showed  that  some 
RPF  products  are  eminently  suitable  for  use  in  an  operational 
water/beach  environment  and  are  capable  of  expanding  20  to  60 
times  in  volume  from  liquid  to  solid  state  in  a  few  minutes.  One 
particular  product.  North  Carolina  Foam  Industries  (NCFI)  type 
811-91,  was  judged  to  fulfill  specific  requirements  best  and 
became  the  baseline  for  further  investigations. 

In  parallel  with  the  laboratory  experiments,  operational 
experiments  were  conducted  using  2,  4,  and  6  pound  per  cubic 
foot  (pcf)  standard  RPF  foam  blocks  prefabricated  by  Allied 
Signal.  These  blocks  were  poured  using  an  available  foam,  BKC 
44307,  and  have  some  properties  less  ideal  for  this  application 
than  the  NCFI  811-91.  This  material  was  chosen  as  having 
representative  properties  and  was  available  in  time  to  support 
field  experiments  concurrent  with  the  laboratoiy  work.  The  use 
of  prefabricated  blocks  permitted  us  to  proceed  with  experiments 
and  learn  much  of  the  RPF  characteristics  before  choosing  a  large 
capacity,  portable  foam  dispenser. 

Two  areas  were  of  particular  interest  to  the  TCG  due  to  their 
operational  impact:  the  ability  of  foam  to  carry  amphibious  assault 
vehicles  (AAV-7/AAAV)  and  landing  craft  air  cushion  (LCAC) 
traffic  and  the  reaction  of  the  cured  foam  to  fire.  Trafficability 
experiments  were  conducted  using  2, 4,  and  6  pcf  foam  in  54 -inch 
cubes.  The  experiments  were  designed  to  ensure  that  the  loading 
simulated  operational  conditions.  Flammability  experiments  were 
conducted  in  two  series  using  both  2  and  4  pcf  foam.  In  no 
instance  did  the  fire  progress  to  a  flash  fire.  The  foam  in  these 
experiments  contained  no  fire  retardant  component.  The  foam 
could  have  a  moderate  level  of  retardant  additive.  In  these 
experiments,  the  foam  showed  a  regular  tendency  to  self 
extinguish,  once  the  initiating  heat  was  removed.  In  addition  to 
trafficability  and  flammability,  other  experiments  involved  small 
arms  and  cannon  caliber  projectile  impact,  explosive  cavity 
formation,  and  POL  product  compatibility. 

These  experiments  have  established  that  rigid  foams  are  capable 
of  covering  a  mined  barrier,  absorbing  at  least  a  portion  of 
ordnance  detonations,  and  providing  a  usable  roadway  for  assault 
vehicles  without  introducing  new  hazards  or  presenting 
incompatibilities  with  other  assault  equipment. 


Suitability  Experiments 

Initial  planning  for  project  experiments  concentrated  on  the  two 
areas  of  most  concern:  trafficability  and  flammability.  Both 
laboratory  and  full-scale  experiments  on  trafficability  have  been 
accomplished  and  a  series  of  analyses  on  strength/suitability  and 
deployment  were  also  performed.  The  following  section  describes 
the  objectives,  results,  and  conclusions  of  the  more  significant 
experiments. 

Standard  Foam  Chemical  Suitability 

Before  doing  extensive  operational  testing  of  RPF  foams,  it  was 
necessary  to  establish  their  capabilities  in  relation  to  this 
particular  application.  Laboratory  testing  was  conducted  in  the 
early  fall  of  1995  to  verify  the  characteristics  of  the  material  as 
they  related  to  formation  under  operational  conditions. 

One  of  the  most  important  properties  for  this  application  is  the 
chemical  reaction  in  water.  In  a  combat  environment,  it  would  be 
necessary  to  use  the  foam  as  soon  after  forming  as  possible.  To 
determine  how  quickly  the  foam  would  be  usable,  its  rise  time, 
tack  free  time  (the  time  until  the  surface  of  the  foam  is  no  longer 
sticky),  and  its  mechanical  strength  as  functions  of  temperature 
and  of  time  after  pouring  were  evaluated.  The  formation  of 
interfacial  voids,  or  faults  between  foam  layers,  was  also 
investigated  in  order  to  prevent  their  formation  in  future  foam 
pours.  Initial  characterization  studies  performed  on  the  foam  also 
examined  its  mechanical  properties  as  measured  by  compressive 
strengths  and  the  foam’s  performance  when  formed  in  water. 
Variations  in  water  temperature,  component  temperature,  and 
mixture  ratio  were  also  studied  after  the  best  candidate  was 
selected. 

Concerns  about  the  flammability  of  rigid  foams  for  combat 
applications  led  to  the  evaluation  of  an  intumescent  foam  for  this 
purpose.  Because  intumescent  foams  form  self-protecting 
carbonaceous  chars  when  exposed  to  high  temperatures,  it  was 
believed  that  these  foams  might  be  more  appropriate  to  the 
combat  situations  in  which  they  may  be  used.  Similar  to  standard 
polyurethane  foam,  the  efiects  of  foam  component  temperature  on 
foamability  and  foam  properties  such  as  rise  time  and  tack  free 
time  were  evaluated.  In  addition,  water  immersion  tests  were  run. 
The  intumescent  foam  formulation  used,  General  Plastics  FRLI- 
3702,  did  not  prove  satisfactory  for  the  obstacle  breaching 
application  because  of  the  poor  mechanical  properties  produced 
when  setup  in  water  was  required.  This  type  foam  may,  however, 
have  other  military  uses. 

Results:  The  mixed  liquid  components  are  higher  in  density 
than  water  and,  therefore,  sink  when  poured  into  the  water.  In  all 
cases,  water  immersion  slowed  the  foam  formation.  Cooler  water 
temperatures  had  the  most  dramatic  effect  with  rise  time  and  tack 
free  time  increasing  substantially  with  cooler  water  temperatures. 
As  was  expected,  the  reactivity  increased  and  the  density 
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decreased  with  the  increasing  temperature  of  the  foam 
components.  Warmer  foam  components  caused  shorter  rise  time 
and  tack  free  time.  Larger  quantities  tend  to  overcome  lower 
temperatures  by  exothermic  reaction  and  good  internal  insulation, 
i.e.,  low  thermal  conductivity.  However,  none  of  the 
environments  studied  stopped  the  materials  from  foaming, 
including  an  improper  mix  ratio.  One  data  set  is  shown  in 
Figure  2. 

Conclusions:  The  behavior  of  the  standard  foam  during  its 
formation  was  satisfactory  under  all  conditions  within  the  range  of 
these  experiments.  It  should,  therefore,  prove  possible  to  adapt 
these  materials  to  the  desired  use. 

Field  Full-Scale  Trafficability 

In  order  to  give  the  foam  a  credible  test  of  how  well  it  would  be 
able  to  cany  traffic  loads  from  AAVs  and  other  military  vehicles, 
we  conducted  a  rigorous  series  of  trafficability  experiments  in  the 
field.  We  wanted  to  study  the  amount  of  wear  that  2, 4,  and  6  pcf 
blocks  would  experience  when  they  were  driven  over  repeatedly 
by  vehicles  of  different  types  and  weights.  To  prepare  for  these 
experiments,  a  block  of  foam  was  placed  in  a  wooden  fixture, 
which  was  set  into  the  ground  so  that  the  top  surface  of  the  foam 
was  even  with  ground  level.  The  top  of  each  block  was  carefully 
measured  prior  to  each  experiment  in  order  to  set  a  baseline  for 
determining  wear  later.  Sand  was  compacted  to  form  a 
comparable  level  of  stiffiiess  to  the  foam,  so  that  the  supports  on 
either  side  of  the  block  and  the  support  of  the  block  itself  were 
about  equal.  Figure  3  shows  a  foam  block  in  the  support  fixture. 
In  conducting  these  experiments,  we  used  a  M60  tank  and  a  Ml  1 0 
howitzer  (with  and  without  rubber  road  pads),  a  standard  6x6 
truck  with  rubber  tires  and  carrying  two  5,000  lb  calibrated 
weights,  and  a  small  firetruck.  The  rubber  road  pads  were 
removed  from  one  track  of  each  tracked  vehicle  to  gather  data 
both  with  and  without  bare  tracks.  The  trucks  were  run  only  at 
one  speed;  the  tanks  at  two  (dead  slow  and  the  maximum  speed 
permitted  by  the  distance  available  for  acceleration:  14  mph  for 
the  M60  and  17  mph  for  the  Ml  1 0).  As  many  as  96  passes  were 
made  over  the  block  with  the  tracked  vehicles  and  up  to  105 
passes  with  the  trucks.  Figure  4  shows  the  M60  tank  traversing 
a  4  pcf  block. 

A  vehicle  was  driven  over  the  compacted  soil  and  the  top  of  the 
foam  block.  After  the  specified  number  of  passes,  the  experiment 
paused  and  measurements  were  taken  across  the  top  of  the  foam 
in  a  9  x  9-inch  grid  pattern.  Figure  5  shows  depth  measurements 
being  taken.  In  every  experiment,  the  vehicle  was  maneuvered  so 
as  to  make  repeated  passes  in  the  same  path  to  produce  maximum 
rut  depth,  hence  a  worst-case  condition.  In  practice,  one  would 
cspcci  vehicle  paths  to  vary  by  a  few  feet  and,  hence,  the  rut  depth 
produced  by  a  specific  number  of  passes  to  be  less  than  that 
produced  in  the  experiments.  The  sweeping  out  of  the  rut  before 
each  set  of  measurements  also  would  produce  a  worst-case 
situation.  Experience  showed  that  crushed  foam  particles  and/or 


sand  accumulating  in  the  ruts  formed  a  cushion  that  greatly 
inhibited  fiirther  erosion.  As  the  experiments  progressed,  it 
became  apparent  that  the  tamped  sand  on  either  side  of  the  foam 
block  was  eroding  and  softening  up  more  rapidly  than  the  foam 
was  worn  down.  This  also  placed  more  weight  on  the  block  than 
on  the  surrounding  soil  resulting  in  a  worst-case  condition. 

During  operational  assault  conditions,  Marine  Corps  tracked 
vehicles  would  normally  have  all  road  pads  removed  to  provide 
better  traction.  When  traversing  the  foam,  the  track  without  pads 
caused  a  significantly  higher  wear  rate  on  the  foam.  The  4  pcf 
foam  withstood  64  passes  of  each  tank  (with  pads),  32  passes  of 
the  Ml  10  gun  (without  pads),  and  several  passes  of  the  fire  truck, 
all  at  minimum  speeds.  It  also  withstood  32  passes  of  the  Ml  1 0 
gun  and  about  90  passes  by  the  M60  tank  at  high  speed.  Six 
different  2  pcf  foam  blocks  were  tested  using  both  the  Ml  10 
howitzer  and  the  M60. 

The  2  pcf  foam  developed  ruts  rapidly  when  traversed  by  either 
tracked  vehicle  and  eroded  about  four  times  as  fast  as  the  4  pcf 
foam.  Tracks  without  road  pads  (bare)  eroded  the  foam  slightly 
faster  than  with  the  pads  installed.  The  more  thickly  padded  M60 
tracks  wore  less  than  the  lighter  Ml  10.  The  Ml  10  track  design 
is  considerably  more  aggressive  than  that  of  the  M60. 

Results:  The  results  showed  that  the  foam  could  withstand 
considerable  vehicular  traffic.  Higher  speeds  produced  more 
wear,  however,  most  of  the  wear  occurred  in  the  first  few  passes. 
After  these  first  passes,  crushed  foam  particles  developed  that  fell 
back  into  the  rut  and  reduced  the  wear  rate  in  subsequent  passes. 
As  expected,  tanks  with  bare  tracks  caused  more  wear  in  the  foam 
than  did  tanks  with  road  pads  or  the  military  truck.  Trucks  caused 
less  wear  on  the  foam  surface  but  appeared  to  throw  crushed  foam 
out  of  the  ruts. 

Conclusions:  From  the  data  recorded  using  the  four  vehicles, 
the  following  statements  can  be  made: 

Two  pcf  foam  may  be  marginal  for  operational  use  with  tracked 
vehicles  such  as  the  AAV-7  or  AAAV. 

Four  pcf  foam  is  more  than  adequate  from  the  standpoints  of 
both  wear  and  strength.  A  foam  of  21/2  to  314  pcf  may  be  optimum 
for  this  application.  Further  work  will  establish  this  more 
accurately. 

Figure  6  is  an  extrapolation  of  rut  formation  in  2, 4,  and  6  pcf 
foam.  Further  experiments  with  foam  that  is  partially  or  wholly 
supported  on  water  are  required. 

Flammability 

This  experiment  used  both  a  2  and  a  4  pcf  foam  block  wall 
approximately  5  ft  square  and  6  inches  thick  glued  together  from 
foam  sections  6  x  6  x  60  inches.  This  experiment  was  designed 
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to  simulate  a  plausible  operational  situation.  The  foam  was 
ignited  by  a  diesel  oil  pool  fire  adjacent  to  the  wall. 
Thermocouples  were  embedded  in  the  foam  and  temperature 
measurements  were  recorded  throughout  the  experiment.  The 
entire  experiment  was  video  taped. 

Results:  The  entire  front  face  of  the  foam  wall  was  charred  and 
was  partially  charred  around  the  sides  and  top  including  parts  of 
the  back  of  the  wall.  In  the  2  pcf  experiment,  two  holes  were 
burned  completely  through  the  6-inch  thickness  where  the  fire 
intruded  into  cold  joints  in  the  foam.  In  both  experiments,  the 
foam  speared  to  have  ignited  from  the  radiant  heat  of  the  oil  fire 
before  (hrect  conduction  ignition  was  observed.  The  foam  did  self 
extinguish  before  the  oil  fire  burned  completely  out.  At  the  end  of 
both  experiments,  the  foam  walls  were  still  standing  and  appeared 
to  be  relatively  sound.  Figure  7  shows  the  setup  and  the  4  pcf 
foam  wall  after  the  experiment.  Figure  8  shows  the  back  of  the 
same  wall  with  the  thermocouple  leads  visible  and  the  bum 
through  area  marked. 

Conclusions: 

Both  2  and  4  pcf  foam  can  be  readily  ignited  by  radiant  energy. 
The  foam  did  self  extinguish  as  soon  as  the  initiating  fuel  fire 
began  to  bum  down.  At  no  time  did  the  foam  support  a  flash  fire, 
but  burned  about  like  soft  wood.  Although  similar  to  the  2  pcf 
wall  bum,  the  flame  burned  less  deeply  into  the  4  pcf  foam. 
Interior  temperatures  rose  only  slightly  above  ambient.  Figures  9 
and  10  are  the  time-temperature  plots  of  the  2  and  4  pcf 
experiments.  Smoke  from  the  foam  did  not  appear  to  be  any  more 
irritating  than  that  from  a  wood  and  oil  fire. 

Small  Explosives 

In  the  small  explosives  series  of  experiments,  we  wanted  to  see 
how  well  the  foam  withstood  various  size  charges.  Previous 
calculations  by  Cooper  and  Kurowski  of  Sandia  in  October  of 
1975  were  verified  and  their  data  extended  empirically.  In 
performing  these  experiments,  we  anticipated  significant  damage 
to  the  blocks  from  the  large  charges.  1 0, 1 00,  and  1 ,000  gram  C- 
4  charges  were  placed  on  the  surfaces  of  2  and  4  pcf  blocks  and 
detonated.  Although  many  of  the  blocks  fractured 
catastrophically,  it  was  still  possible  to  determine  the  rough  size 
of  the  cavity  by  reassembling  the  bigger  fragments. 

Results:  Cavity  sizes  compared  very  well  with  predictions 
based  on  previous  work  by  Cooper  and  Kurowski.  Because  of  the 
correlation,  replication  was  considered  unnecessary  for  this  series 
of  experiments. 

Explosive  Cavity  Diameters 


Surface 

2  pcf 

0.1  gm 

-2  inches 

10  gm 

12  inches 

100  cm 

26  inches 

Embedded 

2  pcf 

N/A 

14  inches 

23  inches 

4  pcf 

N/A 

N/A 

28  inches 

A  single  1 ,000  gram  C-4  surface  shot  was  conducted  on  4  pcf 
foam,  resulting  in  massive  block  fracture  and  fire.  The  block  was 
too  small  to  contain  the  explosion  but  the  cavity  size  followed  the 
prediction. 

Conclusions:  The  results  of  these  experiments  reproduced  the 
work  of  Cooper  and  Kurowski  for  embedded  charges  and 
extended  the  data  to  indicate  that  cavity  sizes  produced  by  surface 
explosions  were  equally  well  predicted  by  their  work.  There  was 
no  observed  difference  in  cavity  size  between  embedded  and 
surface  explosions.  It  appears  that  cavity  formation  is  entirely  the 
result  of  the  pressure  differential  across  the  shock  front,  whereas 
the  global  damage  to  the  block  results  from  internally  contained 
pressure  loading. 

Cannon  Caliber 

In  this  series  of  experiments,  we  attempted  to  learn  the  effect 
cannon  caliber  ordnance  would  have  on  the  foam  when  shot  from 
distances  of  about  \00  meters.  We  wanted  to  determine  how  well 
the  foam  would  survive  a  shot  and  whether  the  projectile  would 
fuze. 

Results:  A  30  mm  HE-I  projectile  did  not  fuze  in  the  2  pcf 
foam.  It  perforated  all  54  inches  of  foam  and  detonated  on  the 
armor  backing  plate.  A  projectile  penetrated  the  4  pcf  block, 
detonating  in  the  rear  third  of  the  block  depth  approximately  10  to 
1 2  inches  before  it  would  have  exited.  The  exit  cavity  measured 
about  18  inches  in  diameter  with  a  hole  38  inches  in  diameter  at 
the  rear  surface  of  the  target. 

Conclusions:  While  these  two  shots  are  inadequate  to  permit 
much  generalization,  they  provided  the  initial  indications  needed 
to  plan  future  work.  Two  pcf  foam  is  probably  too  light  to  fuze 
most  cannon  projectiles.  Four  pcf  foam  will  cause  some  sensitive 
point  detonating  fuzes  to  function.  The  cavity  diameter  formed  in 
4  pcf  foam  correlated  well  with  C-4  charges  embedded  and 
detonated.  Larger  artillery  projectiles  in  the  76  to  155  mm  range 
can  be  expected  to  produce  large  holes  in  the  foam,  but  may  or 
may  not  fuze  in  the  foam.  However,  a  principal  characteristic  of 
the  foam  system  is  an  easy  method  for  field  repair  of  cavities. 

Small  Arms 

In  this  series  of  experiments,  we  attempted  to  show  the  effect 
small  arms  ordnance  would  have  on  the  foam  when  shot  from 
distances  of  about  1 00  meters.  We  wanted  to  determine  how  well 
the  foam  would  survive  a  shot. 

Results:  We  fired  four  rounds  (5.56  nun  and  7.62  mm)  that 
perforated  the  12+  ft  of  foam  and  embedded  in  sandbags  placed 
behind  the  foam.  All  four  exit  holes  were  elongated  -  indicating 
tumbling. 
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Conclusions:  Rifle  caliber  small  arms  will  not  cause  great 
amounts  of  damage  to  a  foam  ramp.  Two  or  4  pcf  foams  lack  the 
density  to  provide  any  protection  from  rifle  caliber  small  arms. 

Analyses 

Preliminary  A  nalyses 

Several  analyses  were  done  to  estimate  the  feasibility  of  the 
basic  concept.  It  was  necessary  to  compare  the  existing  data  on 
strengths  of  generic  foam  as  a  function  of  density  with  the 
anticipated  loadings.  It  was  also  necessary  to  scope  the  quantities 
and  deployment  rates  which  would  be  required  in  an  operational 
application.  The  analyses  were  continually  refined  as  more 
information  became  available  from  experiments  and  as  the 
operational  concept  matured.  These  analyses  used  handbook 
formulas  and  values  to  begin  the  development  process.  Finite- 
element  analyses  were  conducted  using  the  ANSYS®  code. 
These  analyses  were  used,  first,  as  the  basis  for  experiment 
planning.  As  a  result  of  these  preliminary  analyses,  we  decided 
with  the  concurrence  of  the  TCG  to  proceed  with  experiments 
designed  to  refine  our  knowledge  base. 

Initial  Conclusions 

The  objective  of  this  first  phase  was  to  examine  those  areas  of 
concern  in  this  application  of  RPF  material,  as  expressed  by  the 
TCG  and  other  Navy  and  Marine  Corps  advisors.  We  wanted  to 
rapidly  determine  whether  RPF  material  was  suitable  for  military 
use  in  an  assault  roadway. 

The  results  of  this  phase  of  the  work  clearly  indicate  the 
following: 

•  RPF  can  be  formed  with  the  required  structural  properties, 

•  RPF  poses  no  extraordinary  fire  danger, 

•  RPF  absorbs  substantial  blast  energy  with  controllable  and 
repairable  results, 

•  RPF  can  be  formed  in/under  water  with  acceptable 
properties, 

•  RPF  is  not  destroyed  by  bullet  impacts  but  does  not  offer 
substantial  protection  to  troops, 

•  RPF  material  is  environmentally  benign  when  cured; 
however,  one  of  the  constituents  is  a  respiratory  irritant  and 
must  be  handled  with  care, 

•  RPF  may  be  formed  with  acceptable  properties  over  a  useful 
range  of  water  and  air  temperatures,  and 


•  RPF  may  be  formed  with  acceptable  properties  without 
requiring  precise  mix  ratios. 

Fiscal  Year  1997 Experiments: 

Laboratory  experiments  have  demonstrated  that  for  small 
batches  of  foam  the  required  mechanical  strength  can  be  attained 
under  a  variety  of  temperature  conditions  in  water.  Because  the 
reactivity  of  the  foam  materials  and  the  time  from  pour  to 
hardened  foam  would  be  so  critical,  it  was  deemed  prudent  to 
repeat  portions  of  the  laboratory  series  of  experiments  with  large 
batches  of  material  in  the  field.  To  this  end,  in  the  FY97  test 
series,  a  water-filled  pond  has  been  constructed,  complete  with 
simple  mechanical  wave  making  machinery.  The  newly  acquired 
foam  dispenser  will  be  used  to  pour  large  batches  of  foam  into  3 
to  4  feet  of  water,  both  still  and  moving,  to  form  a  ramp  from  the 
water  onto  a  simulated  beach  area. 

Beginning  in  late  September  1996,  field  experiments  will  be 
conducted  to  investigate  foam  setup  in  deep  water;  setup  in 
moving  water;  foam  ramp  construction  techniques;  the  filling  of 
a  fabric  envelope;  anti-invasion  mine  tilt  rod  tripping;  and  anti¬ 
tank  mine  pressure  mitigation.  Some  secondary  explosive 
experiments  may  be  added  as  time  and  funding  permit.  Some 
experimental  results  from  these  field  experiments  were  available 
in  time  to  report  to  this  symposium,  but  not  in  time  to  include  in 
the  published  paper. 

Summary 

Sandia  National  Laboratories  is  actively  pursuing  the  practical 
engineering  techniques  involved  in  deploying  RPF  in  this  new 
application.  Initial  field  testing  in  forming  the  foam  on  water  have 
been  successfiil  and  will  continue  through  the  fall  of  1996.  To 
date,  there  have  been  no  “show  stoppers”  discovered  in  this 
feasibility  study  of  RPF.  Research  and  field  experiments  will 
continue,  leading  to  the  first  field  demonstration  at  the  end  of 
FY97. 

Conclusions 

•  RPF  foam  is  useful  military  material. 

•  Deployment  techniques  can  be  developed. 

•  Major  logistic  advantage  can  be  realized. 

•  Barrier  crossing  seems  promising. 
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Figure  1.  Artist’s  Rendition  of  RPF  Foam  Ramp  Deployment 
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Foam  barge  covers  mines  &  obstacles 


Figure  1.  Artist’s  Rendition  of  RPF  Foam  Ramp  Deployment  (Concluded) 
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Figure  3.  Foam  Block  Setup  Complete  (ready  for  experiment) 
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Figure  5.  Taking  Depth  Measurements  on  Block  #04-02 
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Figure  6.  Results  of  Initial  Trafficability  Experiments 
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Figure  10.  4  pcf  Time  History  of  Temperatures 
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‘MODS’  -  Mobile  Ordnance  Disrupter  System 


Dr.  Owen  Hofer 

SPARTA,  Inc. 


The  MODS  presentation  will  cover  the  concept  of  laser  ordnance  neutralization.  The  topics  of 
primary  interest  are; 

-  The  hardware  developed  to  date 

-  The  laser  ordnance  neutralization  mechanisms 

-  The  capability  demonstrated  to  date 

-  Its  practical  application  to  UXO  and  landmine  problems 

-  Follow  on  hardware  developments  which  will  make  the  system  smaller,  more  efficient, 
reliable  and  easier  to  use 

The  concept  behind  laser  ordnance  neutralization  is  to  remotely  heat  a  surface  laid  UXO  or 
landmine  via  a  propagating  laser  beam.  Laboratory  tests  of  laser  ordnance  neutralization  had 
demonstrated  the  viablity  of  the  concept  in  1975  and  1986/87.  The  tests  demonstrated  that  lasers 
could  quite  rapidly  and  easily  neutralize  various  UXO  and  landmines  often  causing  very  low-order 
explosions.  The  damage  mechanism  is  to  simply  heat  the  munition  case  until  the  temperature  of 
the  explosive  filler  material  exceeds  its  combustion  temperature.  In  the  example  of  metal  cased 
munitions,  case  penetration,  per  se,  is  not  important.  The  case  materials  (metal,  plastic  or  wood) 
and  the  fusing  concept  (electronic,  mechanical,  magnetic,  acoustical,  seismic,  etc.)  have  no  effect 
on  the  neutralization  effectiveness. 

The  MODS  DEM/VAL  unit  was  developed  in  1992-1994  to  demonstrate  the  viability  of 
integrating  a  laser  system  onto  a  military  vehicle  (Ml  13)  and  demonstrating  its  utility  in  live  field 
demonstration  tests.  Live  field  demonstration  tests  were  held  June- August  1994.  MODS 
successfully  neutralized  over  97%  of  UXOs  tested.  The  munitions  tested  were:  anti-tank  land 
mines  (BLU-97,  BLU-91,  TMA-3,  TMA-4);  anti-personnel  land  mines  (PROM-1,  PMA-3,  RG- 
42,  PP-MI-SR,  and  Type  69);  artillery  rounds  (105mm,  155mm,  CTG  4.2,  and  AO-2.5);  rifle 
grenade  (MDS-57);  large  general  purpose  bombs  (MK-81,  MK-82,  OFAB-100/120). 
Engagements  were  performed  at  ranges  of  25  meters  to  125  meters  (5.5min.  Video  of  live  tests 
and  pictures  of  UXOs  before  and  after  irradiation  by  MODS  to  be  shown). 

The  recent  development  of  diode-pumped  lasers  has  prompted  interest  in  their  use  for  the  laser 
ordnance  neutralization  concept.  SPARTA  is  currently  working  on  a  joint  venture  with  the 
NAVEODTECHDIV/  Office  of  Naval  Research  to  develop  a  newer  and  lighter  weight  laser 
ordnance  neutralization  follow  on  system.  Current  hardware  will  permit  the  system  to  be 
integrated  onto  an  uparmored  HMMWV  for  used  in  both  peacetime  and  combat  missions 
scenarios  to  clear  UXOs  wherever  they  are  located.  The  diode-pumped  laser,  which  is  vastly 
more  efficient,  electrically,  and  has  better  beam  quality,  will  permit  a  smaller,  modular  system  to 
be  packaged  for  use  on  a  HMMWV  or  on  a  variety  of  mobile  platforms  with  an  extended  range 
out  to  300  -  400  m.  (>1000  ft.). 
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In-Stride  Mine  and  Obstacle  Breaching 
for  Amphibious  Assaults 

Dr.  Rudy  Wiley  and  Kris  Irwin 

Naval  Surface  Warfare  Center,  Dahlgren 

Tim  Hennessey 

Naval  Surface  Warfare  Center,  Indian  Head 

Phong  Nguyen 

Naval  Surface  Warfare  Center,  Caderock 

Eric  Scheid 

Naval  Surface  Warfare  Center,  Crane 


A  user-independent  Analysis  Engine  (AE)  was  rigorously  assembled  and  then  applied  to 
systematically  select  promising  obstacle  breaching  solutions  from  a  field  of  more  than  400 
candidate  proposals.  Assembly  of  the  AE  consisted  of  the  following  two  component  efforts: 

1)  derivation  of  a  set  of  algorithms  describing  the  probability  of  collision-free  transit  of  the 
amphibious  assault  vehicles  as  a  function  of  countermeasure  or  weapon  effectiveness; 

2)  rigorous  configuration  of  a  set  of  solution  spaces  describing  countermeasure  or  weapon 
effectiveness  as  a  function  of  countermeasure  or  weapon  type,  platform,  lift,  placement 
accuracy,  and  threat.  (The  threat  included  an  obstacle  course  bounded  by  adjoining  mine 
fields).  As  a  case  in  point,  a  90%  probability  of  successful  transit  criteria  was  arbitrarily 
selected  and  applied  to  the  MRC(W)  case.  Application  of  the  AE  in  this  fashion  suggested 
that  the  following  two  weapon-platform  systems  showed  a  high  likelihood  of  success: 

1)  MCAC  deployed  line  charges  (such  as  ENATD)  to  simultaneously  rubble  the  obstacle 
and  mine  threat  in  the  water;  and  2)  F/A-18  deployed  passive  GPS  guided  Mk  82  bombs 
to  rubble  the  obstacle  threat  on  land  by  targeting  on-land  arrays  only.  (This  is  not  equivalent  to 
saturation  bombing,  which  the  AE  concluded  to  be  ineffective).  Finally,  it  is  noted  that  the 
manner  in  which  the  AE  was  assembled  is  both  general  and  rigorous  enough  to  allow  its 
application  to  a  set  of  proposals  much  larger  than  the  field  of  400  considered  in  this  study. 

It  is  also  significant  that  the  AE  may  be  applied  to  the  mine  countermeasure  problem  with 
equal  success  in  formally  identical  fashion. 


Because  a  full  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  lead  author  can  be  reached  at  the  Naval  Surface  Warfare  Center,  Dahlgren 
Division. 
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Man-Portable  Mine  Clearing  Line  Charge  System 

Michael  Voisine  and  A.  Jonathan  Bawabe 

The  Ensign-Bickford  Company 


The  Man-Portable  Mine  Clearing  Line  Charge  System  developed  by  the  Ensign-Bickford 
Company  (EBCo)  is  a  self-contained,  lightweight,  single  shot,  single  soldier  portable  means 
for  rapidly  producing  a  cleared  path  through  surface  laid  antipersonnel  (AP)  mines  and 
tripwire  actuated  explosive  devices  by  destroying,  neutralizing  or  removing  them.  The 
system,  which  was  designed  to  consider  system  safety,  effectiveness  and  packaging,  is 
expected  to  clear  a  0.6  meter  wide,  60  meter  long  safe  lane/footpath  through  surface  laid 
AP  minefields  to  facilitate  rescue  operations,  assault  breaching  or  self-extraction  from  mine 
fields.  The  Man-Portable  Mine  Clearing  Line  Charge  System  consists  of  three  subsystems  - 
initiation,  safe  and  arm,  and  line  charge  -  packaged  in  a  polyethylene  case.-  Additional 
hardware  in  the  system  aids  in  the  interconnection  and  installation  of  system  components. 


Because  a  full  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  lead  author  can  be  reached  The  Ensign-Bickford  Company,  660  Hopmcadow 
Street,  Simsbury,  CT  06070;  telephone,  860-843-2329. 
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Mine  Vulnerability 


Joel  Gaspin 

Naval  Surface  Warfare  Center,  Indian  Head 


To  effectively  evaluate  and  optimize  explosive  clearance  systems,  the  response  of 
threat  mines  to  explosive  effects  must  be  well  understood.  This  paper  describes  tests 
and  analyses  performed  to  understand  explosion  physics  in  the  surf  environment, 
including  shock  and  bubble  effects,  surface  cutoff,  bottom  refraction  and  the  influence 
of  the  environment  on  explosion  phenomena. 


Because  a  full  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  author  can  be  reached  at  the  Naval  Surface  Warfare  Center,  10901  New 
Hampshire  Avenue,  Silver  Spring,  MD  20903-5640;  telephone,  301-394-2204. 
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Bombs  for  Channeling 


Ferrell  W.  Furr  and  Reid  McKeown 

Naval  Surface  Warfare  Center,  Indian  Head 


The  Naval  Studies  Board  has  recommended  a  “bold  approach”  to  surf  zone  clearance 
utilizing  large  bombs,  simultaneously  detonated,  to  create  a  wide  channel.  Analytical  tools 
have  been  developed  to  predict  the  channeling  effect  of  a  line  of  bombs  in  varying  config¬ 
urations  and  environmental  conditions.  This  paper  presents  modeling  techniques  and 
comparisons  to  existing  data. 


Because  a  full  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  lead  author  can  be  reached  at  the  Naval  Surface  Warfare  Center,  Indian 
Head  Division,  101  Strauss  Avenue,  Indian  Head,  MD  20640-5035;  telephone,  301-743-6742. 
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Deployment  Modeling 


Kennard  Watson  and  Dr.  Thai  Nguyen 

Coastal  Systems  Station 
Naval  Surface  Warfare  Center 


Current  technology  demonstrations  and  acquisition  programs  in  Shallow  Water  MCM 
feature  line  charges  and  explosive  arrays  launched  from  LCACfor  clearance  of  surf  zone 
mines.  Deployment  of  the  rocket-launched  systems  is  critical  to  their  effectiveness. 

A  predictive  modeling  capability  has  been  developed  to  simulate  line  charge  and  array 
deployment  in  varying  environmental  conditions.  This  presentation  will  show  the  purposes 
for  the  models,  the  physics  incorporated  into  the  simulation,  and  comparisons  with  test  data. 


Because  a  full  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  lead  author  can  be  reached  at  the  Naval  Surface  Warfare  Center,  Coastal 
Systems  Station,  Code  R1 1,  6703  W.  Hwy  98,  Panama  City,  FL  32407-7001;  telephone, 
904-234-4643;  e-mail,  <watsonk@atcfncsc.navy.mil>. 
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CHAPTER  9:  THE  UNDERLYING 
SCIENCE  OF  MINE  WARFARE  SYSTEMS 


PHYSICS  OF  MINE  WARFARE  SYSTEMS 

In  the  process  of  organizing  this  Symposium  it  became  apparent  that  certain  contributors  were 
approaching  the  Mine  Problem  from  fundamental  scientific  vantage  points.  Some  of  the  papers  in  this 
Chapter  are  tutorial  in  nature;  some  present  basically  original  work  on  the  scientific  underpinnings 
of  the  Mine  Problem  (see,  for  example,  the  paper  by  Prof  Carl  Schneider,  Physics  Department, 
United  States  Naval  Academy). 

This  Chapter  contains  some,  but  not  all,  of  the  papers  at  the  Symposium  which  dealt  with  the 
underlying  physics  of  the  Mine  Problem.  For  instance,  it  seemed  more  appropriate  to  present  the 
paper  by  Dennis  Hiscock,  former  Head  of  Mine  Countermeasures  for  the  Royal  Navy,  which  includes 
an  excellent  review  of  influence  sensors  for  mines  and  the  history  of  experience  in  countering  them, 
in  the  Chapter  on  Countering  Mines  at  Sea,  Chapter  7.  Also,  the  presentation  by  Joel  Gaspin,  the 
Abstract  of  which  appears  in  Chapter  8,  was  an  outstanding  elucidation  of  the  damage  mechanisms 
of  underwater  explosions  and  why  the  inherent  instability  of  the  surf  zone  makes  modeling  and 
prediction  of  mine  performance  in  these  environments  extremely  challenging. 

According  to  a  number  of  presenters,  the  combination  of  established  physical  theory,  the 
fundamental  parameters  of  sensors  and  structural  and  energetic  materials,  and  the  physical  nature  of 
the  environment  together  set  the  performance  envelopes  within  which  mine  warfare  systems  must 
operate.  While  these  envelopes  are  most  economically  and  elegantly  described  and  examined 
mathematically,  they  may  best  be  appreciated  by  both  other  scientists  and  nonspecialists  when  stated 
in  terms  of  descriptions  of  actual  controlled  experiments  and  specific  practical  applications. 

In  future  Symposia,  we  hope  to  continue  the  practice  of  inviting  physics-based  tutorial  papers. 
There  are  many  areas  of  potentially  great  significance,  such  as  the  use  of  very  high  intensity  pulsed 
power,  that  cry  out  for  physical  documentation.  There  is  also  the  potential  of  a  fundamental  upheaval 
in  the  ways  in  which  modeling  and  simulation  are  developed  and  applied.  In  1997,  the  National 
Academy  of  Sciences  is  completing  an  examination  of  ways  to  improve  the  match  between  models 
and  physical  reality.  There  are  also,  as  yet,  only  dimly  perceived  frontiers  for  biologically  based 
systems  and  sensors.  All  are  subjects  for  future  scientific  elucidation. 

At  this  Symposium  on  Technology  and  the  Mine  Problem,  we  are  grateful  that  Dr.  R.  Norris 
Keeler,  of  KAMAN  Aerospace  and  former  Director  of  Navy  Technology  in  the  Naval  Material 
Command,  chaired  this  Session  on  the  Physics  of  Mine  Warfare  Systems.  We  are  also  gratefiil  to  the 
distinguished  contributors  who  made  this  a  memorable  Session. 
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Automated  Task  Division  and  Group  Behavior  in  Autonomous  Robots 


Maja  J  Mataric 

Volen  Center  for  Complex  Systems 
Computer  Science  Department 
Brandeis  University 
Waltham,  MA  02254-9110 
maja@cs. brandeis, edu 
http://www.cs.brandeis.edu/-maja 


Figure  1:  The  experimental  vehicles  used  for  validating 
our  methodologies  and  approaches  to  multi-robot  control 
and  learning.  The  group  consists  of  26  robots:  20  IS 
Robotics  R1  robots,  4  IS  Robotics  R2e  robots,  and  2 
RWI  Pioneer  robots. 

Abstract 

Abstract- Our  work  focuses  on  developing 
strategies  for  synthesizing  and  analyzing 
group  behavior.  In  this  paper  we  briefly 
describe  our  methodology  for  synthesis  of 
robust  controllers  for  various  multi-robot 
spatial  tasks.  Our  experiments  focus  on 
foraging,  a  prototypical  task  that  transfers 
directly  to  de-mining  applications. 

We  are  pursuing  a  research  program  focused  on  study¬ 
ing,  synthesizing,  and  analyzing  group  behavior  and 
learning  in  situated  agents.  The  goal  of  the  research  is  to 
understand  the  types  of  simple  local  interactions  which 
produce  complex  and  purposive  group  behaviors.  The 
research  is  tested  and  validated  on  a  group  of  up  to  26 


mobile  robots,  shown  in  Figure  1.  We  have  developed  a 
synthetic,  bottom-up,  behavior-based  approach  that  can 
be  used  to  structure  and  simplify  the  process  of  both 
designing  and  analyzing  emergent  group  behaviors.  The 
approach  utilizes  a  biologically-inspired  notion  of  basis 
behaviors  as  a  substrate  for  control  and  learning  both  at 
the  individual  and  collective  level  (Mataric  1995  a). 

We  have  developed  a  basis  behavior  set  for  embod¬ 
ied,  mobile  agents  interacting  in  complex  domains,  con¬ 
sisting  of  safe- wandering,  homing,  following,  dispersion, 
and  aggregation  behaviors.  We  then  introduced  meth¬ 
ods  for  selecting,  formally  specifying,  algorithmically  im¬ 
plementing,  and  empirically  evaluating  basis  behaviors. 
Additionally,  we  described  how  basis  behaviors  can  be 
combined  and  sequenced  to  produce  higher-level  com¬ 
posite  behaviors,  such  as  flocking  and  foraging.  We  have 
used  these  behaviors  to  study  interaction  dynamics  of 
animals  as  well  as  to  develop  controllers  for  real-world 
applications  including  de-mining,  oil-spill  cleanup,  ter¬ 
rain  exploration  and  mapping,  toxic  waste  cleanup,  and 
agricultural  applications  and  space  applications  (Mataric 
19956). 

After  developing  the  basis  behavior  methodology,  we 
introduced  an  adaptation  of  reinforcement  learning  that 
allows  for  automatically  constructing  higher-level  behav¬ 
iors  by  having  the  agents  learn,  in  real-time,  to  se¬ 
lect  from  the  basis  set.  The  formulation  involves  the 
use  of  conditions,  behaviors,  and  shaped  reinforcement, 
thus  making  behavior  selection  learnable  in  noisy,  un¬ 
certain  environments  with  stochastic  dynamics,  such  as 
that  of  four  or  more  interacting  physical  mobile  robots 
(Mataric  19946,  Mataric  1996a).  The  learning  approach 
was  demonstrated  on  multiple  tasks,  including  a  group 
of  4  robots  learning  to  forage  (Mataric  19966),  4  robots 
learning  social  rules  (yielding  and  information-sharing) 
(Mataric  1994a),  and  2  robots  learning  to  cooperate  and 
communicate  in  pushing  a  box  (Simsarian  &  Mataric 
1995).  These  experiments  spanned  both  loosely-coupled 
and  tightly-coupled  task  domains.  We  are  currently  ex¬ 
ploring  methods  for  reinforcement-sharing  with  the  goal 


of  learning  cooperative  tightly-coupled  tasks  (Mataric 
1996  c).  We  are  also  developing  a  methodology  for  learn¬ 
ing  from  history,  to  be  applied  to  the  robots  automat¬ 
ically  selecting  alternative  behaviors  and  controllers  as 
the  dynamics  of  the  world  change  during  the  lifetime  of 
the  task.  Similarly,  we  are  exploring  the  establishment 
and  maintenance  of  dominance  hierarchies,  their  compu¬ 
tational  requirements  (i.e.,  the  amount  of  internal  state, 
mental  modeling,  and  history  required),  and  their  effect 
on  the  dynamics  of  group  interaction. 

We  are  also  exploring  ethologically-inspired  variations 
on  group  organization,  using  foraging  as  the  prototyp¬ 
ical  task.  We  have  implemented  homogeneous,  caste, 
pack,  and  territorial  versions  of  foraging,  using  only 
small  perturbations  in  the  controller  (Fontan  &  Mataric 
1996,  Goldberg  &  Mataric  1996).  Now  we  are  develop¬ 
ing  methods  for  automatically  switching  between  those 
controllers/regimes  as  the  dynamics  of  the  world/task 
change,  based  on  local  information  available  to  each 
agent.  In  conjunction,  we  are  working  on  methods  for 
analyzing  such  complex  multi-robot  and  multi-agent  sys¬ 
tems;  one  of  our  current  approaches  features  behavior 
activation  time-series  analysis. 
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The  Physics  of  Magnetic  Signatures 


Carl  S.  Schneider 
Physics  Department 
United  States  Naval  Academy 
Annapolis,  MD  USA  21402 


Abstract.  Reduction  of  magnetic  signatures 
of  ships  is  essential  to  ensure  their  magnetic 
invisibility.  Maxwell’s  equations  are  used  to 
picture  the  sources  of  magnetic  signatures, 
their  dependence  upon  environmental 
stresses,  and  the  feedback  degaussing 
necessary  to  reduce  them  below  background 
noise.  The  intent  is  to  be  rigorous  but 
simplistic  in  order  to  provide  concepts  useful 
to  the  mine  warfare  community. 

Ten  thousand  tons  of  steel  in  the  Earth’s 
magnetic  field  becomes  magnetized  and 
generates  a  signature  detectable  by  mines  and 
aircraft.  When  an  aircraft  flies  over  the  ocean 
surface,  its  distance  from  ships  exceeds  their 
lengths,  and  the  signatures  are  those  of  magnetic 
dipoles. 


Figure  1 .  Transverse  and  axial  magnetic  dipole 
signatures  seen  flying  parallel  to  a  dipole  axis. 


where  z  is  the  height  of  observation,  y  is  the 
lateral  displacement,  x  is  the  range  length  and 
m  is  the  magnetic  moment.  The  magnetic  dipole 
moment  of  a  vessel  is  its  magnetization  density 
multiplied  by  its  volume. 


m=:MV  =  5cHerfV  =  mxHeff/p  (2) 

The  magnetization  density  is  the  material 
magnetic  susceptibility,  %,  multiplied  by  the  local 
or  effective  magnetic  field  and  the  volume  is  the 
steel  displacement,  171,  divided  by  the  density  of 
steel.  A  rough  estimate  of  the  magnetic  signature 
of  a  ship  is  S  =  HITl/r^  where  H  is  the  Earth’s 
field,  171  is  in  tons  of  steel  and  r  is  in  meters. 


Knowing  the  displacement  of  a  ship,  we 
review  below  the  material  susceptibility  and  how 
the  local  field  derives  from  the  Earth’s  magnetic 
field.  Figure  2  shows  a  single  crystal  or  grain  of 
ferromagnetic  material  such  as  iron  or  steel, 
which  is  several  microns  across. 


Figure  2.  A  ferromagnetic  grain  is  magnetized 
by  domain  wall  movement  and  domain  rotation. 


The  axial  signature  is  symmetric  while  the 
transverse  signature  is  antisymmetric  with  respect 
to  distance  along  the  dipole  axis.  Analytically, 
the  signature  components  of  a  vector  dipole  are 


S  = 


3xy 

3xz 


3xy 


3y^ 


3yz 


3xz 

3yz 

3z^-r^ 


m 


4;rr 


(1) 


In  the  unmagnetized  state,  regions  called 
domains,  with  all  the  atoms  magnetically  aligned, 
connect  into  a  symmetric  closed  loop  to  give 
zero  magnetization.  When  a  magnetic  field  is 
applied,  the  central  wall  moves  to  increase  the 
size  of  the  domain  magnetized  closest  to  the 
direction  of  the  applied  field.  Within  the 
crystalline  domains,  the  atomic  magnetism  will 
also  rotate  in  direction,  resisted  by  the  crystalline 
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stiffness  or  anisotropy  constant.  In  ship  steel  both 
contributions  are  comparable  and  give  a  net 
magnetic  susceptibility  of  80. 

This  susceptibility  is  nearly  constant  for 
induced  magnetization.  This  is  due  to  magnetic 
fields  such  as  the  Earth’s,  about  50  A/m  between 
the  middle  latitudes.  Larger  fields  are  used  in 
deperming  and  degaussing,  or  are  due  to 
lightning,  or  equivalent  to  stresses  from  diving, 
surfacing  or  transiting  a  thermocline.  They  create 
higher  susceptibilities,  hysteresis  and  permanent 
magnetization.  The  primary  reluctance  to 
magnetization  in  hull  steel  is  from  residual  stress, 
which  is  about  1 10  MPa.  It  is  the  source  of  and 
is  thermodynamically  equivalent  to  the  coercive 
field  of  Figure  3,  about  700  Aim  or  nine  oersted 
in  the  cgs  system  of  units. 

Magnetic  Susceptibility,  x/1000 


Figure  3.  Magnetic  susceptibility  of  hull  steel 
shown  with  the  major  hysteresis  curve  (Bx6000). 

At  this  field  the  domain  walls  are  forced  past 
most  of  the  defects  in  each  grain  and  the 
magnetization  moves  quickly  toward  saturation. 
The  peak  susceptibility  exceeds  12,000  at  the 
coercive  field,  and  then  declines  to  zero  as  the 
field  becomes  infinite. 

The  local  field,  Heff,  is  not  simply  the 
Earth’s  magnetic  field  because  the  signature  of 
the  ship  reduces  the  field  on  the  ship’s  steel. 
This  self-reduction  in  magnetic  field  is  called 
shape  demagnetization,  to  distinguish  it  from  the 
demagnetization  performed  at  Naval  bases  using 
coils  of  current.  To  create  a  homogeneous 
distribution  of  steel,  imagine  it  to  be  distributed 
uniformly  over  the  full  volume  of  the  ship.  The 
susceptibility,  proportional  to  the  magnetization 


per  volume,  is  reduced  by  the  specific  gravity  of 
steel  and  multiplied  by  the  fraction  of  the  ship 
below  water.  A  fraction  of  2/3  is  consistent  with 
the  ship’s  buoyancy  and  stability,  allowing  its 
center  of  mass  to  be  below  water  level.  The 
effective  susceptibility  is  2%/3psp  =  80/13  =  6  for 
an  observer  outside  the  ship. 

The  ends  of  this  homogeneous  ship  now 
exhibit  boundaries  in  magnetization,  which  are 
its  North  and  South  magnetic  poles.  Gauss’  Law 
for  magnetism  requires  no  monopoles  in  B: 

V  •  B  =  0  where  B  =  //  o  (H  +  M)  (3) 
so  V#H  =  -V#M. 

Integrating  the  divergence  over  a  spherical 
volume  containing  the  pole  gives  the  pole 
strength,  qM  =  MA,  which  equals  the  outgoing 
magnetic  field  times  the  area  of  the  sphere 
passing  through  the  point  of  observation. 

H  •dA  =  M  •  dA  and  (4) 

H^-M  (A/47r  r^):^-DM 

The  signature  for  a  cylinder  is  thus  the 
magnetization  density  multiplied  by  the  solid 
angle  subtended  by  both  poles  at  the  point  of 
observation,  the  demagnetization  factor  for  the 
poles.  The  field  of  a  magnetized  ellipsoid  is 
shown  in  Figure  4. 


Figure  4.  The  magnetic  field  of  a  magnetized 
ellipsoid  is  uniform  within  the  body  and  nearby. 

The  effective  field  in  this  magnetized  steel,  and 
just  outside  of  it,  is 

Heff  =  H-DM  =  H-j;t:  DHeff 
+  D) 

From  Equations  (1)  and  (2),  far  field 
signatures  are  proportional  to  xHeff.  The 
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dependence  of  magnetic  moments  on  xD  is 
shown  in  Figure  5.  Combining  equations  (2) 
and  (5),  the  near  field  signature  of  an  object  at 
beam  depth,  within  a  ship  diameter  of  the  hull,  is 

S  =  -DM  =  -  D  Heff 
-  -  (6) 
S  =  -H;fD/(l  +  ;^D) 

where  x  is  the  effective  susceptibility  and  D  is 
the  demagnetizing  factor.  The  dependence  of 
keel  signatures  upon  xD  is  plotted  in  Figure  5. 


Figure  5.  Magnetic  shape  causes  axial  moments 
to  dominate  at  far  field  and  transverse  moments 
to  dominate  at  near  field. 

For  any  three-dimensional  ellipsoid,  the 
sum  of  the  three  demagnetization  factors  is  unity. 

Dl+Da  +  Dv=1  (7) 

By  symmetry,  the  sphere  has  demagnetization 
factors  of  1/3  in  each  of  the  Longitudinal, 
Athwartship  and  Vertical  directions.  For  a 
prolate  spheroidal  ship  of  length  six  times  its 
diameter,  Bozorth  gives  a  Dl  a  value  of  .05.  The 
transverse  demagnetization  factors  are  thus  Da  = 
Dv  =  .47,  just  less  than  1/2  for  an  infinite 
cylinder.  The  transverse  value  of  xDa  is  2.8  for  a 
ship  while  the  axial  value  of  xDl  is  0.3;  since 
moments  vary  as  1/(1 +xD),  the  ratio  of 
transverse  and  axial  moments  and  far  field 
signatures  is  .22/.77=.35  for  a  ship  with 
corrections  for  discrete  vertical  components  such 
as  the  bridge  and  launch  tubes  which  increase  the 
vertical  moment.  Far  field  signatures  reduce  to 
100  gamma,  y,  which  is  about  10'^  times  the 


Earth’s  field,  at  200m  distance,  about  one  ship 
length.  Magnetic  detectors  can  sense  orders  of 
magnitude  smaller  signatures  than  this,  but  must 
discriminate  against  magnetic  noise  such  as 
passing  clouds  generating  lOOy. 

The  near  field  or  keel  signature  is 
XD/(l+xD)  times  the  Earth’s  field  in  that 
direction.  For  the  above  ship,  this  fraction  is 
0.25  in  the  axial  direction  and  .73  in  the 
transverse  direction.  Despite  the  approximate 
nature  of  these  calculations,  there  is  a  clear 
distinction  between  defense  against  Magnetic 
Anomaly  Detectors  and  mines  in  littoral  waters. 

The  stability  of  the  magnetic  state  under 
the  stresses  of  waves,  thermal  expansion  and 
depth  can  be  determined  ft'om  the  energy  density 
in  a  domain. 

y  AgOsin^^^  “  HBj  cos  0^  +  ^  I^M5B3  cos^  (8) 

including  energy  from  magnetoelastic  stress, 
magnetostatic  field  and  magnetostatic  shape. 
Equivalent  changes  in  energy  due  to  stress  and 
field  suggest  a  stress-effective  magnetic  field 

=-3^3(7  cos  0^/ ^3  (9) 

first  observed  by  Brown  in  1949.  This  field  is 
positive,  zero  and  negative  depending  on  the 
relative  values  of  cosG  across  each  domain  wall. 
Changes  in  energy  due  to  demagnetization 
suggest  a  stress-demagnetization  factor 

D^=34a/M3B3  (10) 

and  this  was  observed  to  increase  linearly  with 
negative  stress  and  slightly  with  positive  stress 
exceeding  the  residual  stress,  called  the  Villari 
reversal.  The  total  internal  magnetic  field  in 
steel  is  then 

=  H  +  (11) 

where  H  is  the  Amperian  field  due  to  currents  as 
described  by  Ampere’s  law: 

VxH  =  J  or  ^H«dr  =  I  (12) 

Samples  have  been  prepared  as  hollow 

cylinders  to  allow  axial  stress  and  azimuthal  or 


9-7 


hoop  magnetic  field  to  be  applied  and  removed 
in  any  order.  Applied  magnetic  fields  up  to 
5000  A/m  and  stresses  up  to  440  MPa  are  far  in 
excess  of  the  coercive  values  of  700  A/m  and 
110  MPa,  but  less  than  yield  stress  of  550  MPa. 
The  resulting  changes  in  magnetic  induction  are 
sensed  by  voltages  generated  across  the 
secondary  or  pickup  turns  on  the  sample 
according  to  Faraday’s  law: 

VxE  =  -—  or  |E«d7  =  V  =  -NA—  (13) 
dt  J  dt 

where  N  is  the  number  of  secondary  turns  on  the 
sample  and  A  is  the  area  across  the  magnetic 
flux.  By  processing  this  voltage  through  an 
integrating  operational  amplifier  of  time  constant 
RC,  the  induction,  which  can  be  plotted,  becomes 

B  =  VRC/NA.  (14) 

Stress-induced  magnetization,  can 
cause  the  magnetic  induction  to  increase  by 
factors  greater  than  ten,  as  shown  in  Figure  6. 


Magnetic  Induction  B(T) 


Figure  6.  Stress  cycling  in  a  magnetic  field 
causes  increases  in  magnetization. 

The  effects  of  stress  near  yield  are  nonlinear, 
hysteretic  and  multi-valued:  magnetization  creeps 
toward  equilibrium.  Significant  effects  of  stress 
occur  in  magnetic  fields  as  small  as  the  Earth’s 
field.  The  effective  stress  on  a  hull  is  the 
difference  between  longitudinal  and  azimuthal 
stresses.  The  azimuthal  or  hoop  stress  is  positive 
and  twice  the  magnitude  of  the  negative 
longitudinal  stress  for  an  unreinforced  cylinder. 
Ribs  on  the  hull,  however,  reduce  the  hoop  stress 
to  nearly  equal  the  longitudinal  stress:  up  to  400 
MPa  individual  stresses  create  about  40  MPa  net 


stress,  and  permanent  magnetization  as  shown  in 
Figure  7. 


Magnetic  Induction  (T) 


Figure  7.  Net  hull  stress  in  small  magnetic  fields 
causes  a  fifty  per  cent  increase  in  magnetization. 

Positive  and  negative  stress  effects  are  shown  to 
demonstrate  the  activation  of  both  domain  wall 
types.  Thermal  stresses  can  fracture  a  cold  ice 
cube  dropped  into  a  glass  of  water.  A  thermal 
difference  of  ten  degrees  Kelvin  creates  150  ppm 
of  strain  in  iron  and  30  MPa  stress  on  a  hull, 
comparable  to  those  from  depth. 


Figure  8.  Magnetization  decreases  with  stress 
changes  in  the  absence  of  magnetic  field. 


When  stress  is  applied  in  zero 
magnetizing  field,  remanent  magnetization 
decreases  toward  equilibrium.  In  order  to 
compute  changes  in  magnetization  using  the  net 
internal  field,  we  plot  the  magnetic  induction 
against  the  total  internal  field  for  positive  and 
negative  domain  wall  types.  For  stress  applied 
on  a  North  heading,  followed  by  a  turn  South, 


9-8 


stress  relief  and  return  to  North  heading,  the 
maximum  field  experienced  by  both  domain 
types  is  H+H^. 

B(T)  for  Dives  and  Turns 


Figure  9.  Symmetry  of  effective  field  causes  zero 
net  magnetization  for  stress  with  turns. 


The  ship  permanent  moment  is  no  longer 
sensitive  to  turns.  This  operation  cleans  the 
longitudinal  magnetization  of  a  ship  and  reduces 
the  electrical  power  needed  for  degaussing. 

How  many  coils  are  necessary  to 
degauss  a  ship?  In  moving  closer  to  a  ship,  more 
structure  becomes  visible  than  can  be  described 
by  one  three-component  magnetic  moment. 
Differences  in  the  longitudinal  distribution  of 
induced  and  permanent  magnetization  reveal 
magnetic  poles  at  higher  susceptibility  shifting 
amidship.  This  effect  requires  a  second  triaxial 
magnetic  dipole  in  any  model,  and  the  internal 
structure  of  the  ship  requires  more.  At  keel 
depth,  one  ship  diameter  below  the  centerline,  we 
can  define  one  triaxial  magnetic  dipole  for  each 
diameter  of  length,  and  can  describe  the  magnetic 
state  of  a  ship  in  great  detail.  Generalized 
vectors  of  the  magnetic  signature,  magnetic  state 
and  the  degaussing  coil  currents  must  be  defined: 

S  =  (H,„Hy„H„.H,2 . H^) 

fh  =  (m^i,niy,,m,,,tn^2>— m^p)  (15) 
i  =  (I„l2,l3...,I„) 

The  number  of  triaxial  signature  measurements, 
q,  must  exceed  or  equal  the  number  of  magnetic 
dipoles  and  the  number  of  coil  currents  for  least 
squares  optimization.  The  evaluation  of  dipole 


magnitudes  can  be  explicit,  or  the  current  can  be 
directly  calculated  to  degauss  the  ship. 
Signatures  measured  both  shipboard,  Sh,  and 
externally  at  beam  depth,  Sk,  enable 
development  of  a  control  matrix  between 
signature  sensors  and  degaussing  coils. 
Cylindrical  ship  symmetry  would  enable  a  single 
line  of  q  triaxial  sensors  to  suffice.  Asymmetry 
requires  that  field  sensors  be  more  distributed 
over  the  hull  volume  and  keel  sensors  on  a 
surface  around  the  vessel. 

In  order  to  solve  for  coil  currents,  we 
ascribe  the  signatures  to  two  sources:  degaussing 
coil  currents  and  hull  magnetic  moments.  The 
existing  hull  signatures  and  required  keel 
signatures  with  the  new  coil  currents  are, 

SH=«Hlo+^//m  (16) 

SK=aKl  +  ^Km  =  0  (17) 

The  keel  condition  of  zero  signature  zeros  the 
signature  at  all  points  in  space  outside  the  ship 
just  as  an  electrical  ground  zeros  the  external 
electric  field  for  a  charge  distribution.  The  a  or 
coil  signature  matrix  and  p  or  magnetic  state 
signature  matrix  can  be  measured  by  exciting  the 
coil  cuiTents  and  magnetic  states  one  at  a  time. 
Each  signature  is  a  row  in  the  matrix.  The 
magnetic  states  can  be  generated  using  the 
remanent  or  hysteretic  magnetic  effects  of  an 
alternating  current  in  each  degaussing  coil.  If 
these  signature  matrices  do  not  describe  all 
signatures,  the  degaussing  coils  are  not  complete: 
they  do  not  form  a  Hilbert  Space.  Multiplying 
Equation  (9)  by  the  transpose  of  pH  and  Equation 
(10)  by  the  transpose  of  completes  the  least 
square  optimization,  creating  square  matrices 
which  can  be  inverted  to  solve  for  the  currents 
and  moments. 

(18) 

^  d  (1^) 

The  required  coil  currents  are  then 

l  =  (2(1) 

where  m  =  (21) 

For  ships  equipped  with  external  self-ranging,  the 
hull  sensors  are  not  needed.  Ranging  without 
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currents  gives  a  vector  signature  S  =  jSrfi  and  the 
currents  to  degauss  are  calculated  with  a 
preprocessed  control  matrix,  G: 


I  =  (i3'/3)-'/J‘So  (22) 

or  l  =  -(a*a)'‘a*  So  =-GSo 

when  a  =  p.  Magnetic  signatures,  no  matter  how 
complex  or  unstable,  can  be  zeroed  within 
environmental  noise  level  by  feedback 
degaussing. 

I  am  indebted  to  Dr.  Bruce  Hood,  Ms. 
Paula  Zivi  and  Mr.  Kim  Watts  of  the  Naval 
Surface  Warfare  Center,  Carderock,  Maryland, 
for  their  continued  support  and  collaboration 
over  the  last  two  decades. 
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It  IS  well  known  that  the  task  of  mine  detection  is  extremely  complex  because 
of  the  various  materials  mines  can  be  made  of,  and  because  of  the  various 
environments  in  which  they  can  be  found.  Hence,  there  is  no  single  technique 
that  can  solve  the  “mine  problem.”  Multiple  sensing  modalities  vary  with 
regard  to  the  type  of  physical  principles  involved  and  must  be  distributed 
over  space.  This  implies  several  research  issues,  amongst  them:  modeling 
the  physical  and  geometric  characteristics  of  the  sensors,  selecting  the  best 
sensors  at  the  appropriate  time  for  a  given  environment,  and,  finally,  fusing 
and/or  integrating  the  data  into  a  coherent  common  framework.  In  this  paper, 
the  authors  discuss  sensor  modeling,  spatial  distribution,  and  integration. 
Examples  of  visual  and  ultrasound  sensors  will  be  used  to  demonstrate  the 
principles  involved.  Research  supported  by  Army,  DARPA  and  NSF  grants. 
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The  Problem 
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the  mine  threat  without  exposing  the 
reconnaissance  platforms." 
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detecting  mines/UXO  in  a  given  area. 

The  different  sensing  modalities  will  require 
a  theory  of  sensory  fusion. 
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m  Experimental  measurements,  data  analysis,  and 
classification  of  terrain,  mines  and  wires. 
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■  Material  properties  of  the  mine. 

m  Geometry  of  the  mines  and/or  trip  wires  depending  on 
the  material. 
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effectively  separate  terrain  signatures  from 
mine/trip  wire. 


Requirements  for  Sensors  of 
Anti-Personnel  Mines 


D) 

§  i 


C/) 

w 

0) 

0 

N 

"co 

E 

CO 

■o 

c 

cc 


o 

CC 


E 

o 

O 


CO 

CO 

0 


E 

0 

C 

o 

o 

0 

o 


o 


O) 

c 

0 

0 

0 

O 

o 


0 


o  ^ 

n  ^ 
^  LO 


0 

O 

03 


0) 


6 

cx: 

a 


0 
0 

j-  0 
0 


0 

> 

O 

Q 

0 


C\J 


0  0  <75  _0 


E 

03 


0  ~ 

8  1 
s  = 

I  ^ 


O 

0 

0 

E 

_0 

0 

0 

JO 

0 


9-n 


Response  time  0.1  second. 
Easy  to  maintain. 


Three  Categories  of  Mines 
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Examples  of  Mines  and  How 
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measures  Symposium,  April  4-7  1995,  Naval 
Postgraduate  School,  Monterey,  CA,  pp.  6.150-6.154. 


Sensor-Based  Mine 
Detection  and  Locaiization 
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Sensor-Based  Mine 
Detection  and  Locaiization 
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Time  perioci/size  of  spatial  domain  over  which  sensor 
data  is  collected  to  achieve  given  probability  of 
capture. 


Sensor-Based  Mine 
Detection  and  Locaiization 
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performance  guarantees. 

Operate  under  conditions  which  include  uncertainties  in  sensor 
location  and  the  physical  conditions  beneath  the  mine  field 
surface. 


Examples  of  Mines  and  How 
to  Model  Them 
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Physical  characteristics,  such  as  photon  conversion, 
charge  collection,  charge  transfer  and  signal 
measurement,  which  includes  the  digitization  error  and 
interface  error  to  the  proper  computer. 


The  Video  Sensor 


3D  real  scene  — 2D  digital  image: 
continuous  — ^  spatially  and  intensity  discrete 

plus  systematic  and  random  noise 


LOSS  OF  INFORMATION 
AND 

SYSTEMATIC  AND  RANDOM 
NOISE 


OPTICS: 

blur 

geometric  dstortions 


CCD  CAMERA: 

photon  (shot)  noise; 

fixed  pattern  noise  (systematic); 

read  noise 

-  trapping 

-  charge  transfer 
“  reset 

-  output  amplifer 

-  background  (dark  current, 
internal  luminance) 

CCD  CAMERA  AND  DIGITIZER: 

horizontal  scale  (systematic,  due  to 
mismatch  in  the  camera  pixel  clock  and 
digitizer  clock  frequencies); 

line  jitter  ; 
quantization  error  ; 
systematic  noise  introduced  by  the 
clocking  of  electronic  components 

The  Output: 

(jiscretizeij  spatlaly  ancJ  in  intensity; 
noisy  • 


Figure  1:  The  imaging  system:  in  -  incoming  light  from  a  scene;  out  -  a  digitized  image 


GRASP  Laboratory 
University  of  Pennsylvania 
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November,  1996 


The  Imaging  Array  -  CCD  camera 


Two  charge  transfer  organizations 


columns  of  photosensitive  area 

vertical  CCD  shift  register  {shielded  from  light) 
horizontal  CCD  shift  register  (shielded  from  light) 


First  move  charge  packets 
from  pixels  to  vertical 
shift  register,  and  then, 
in  parallel,  to  readout 


First  move  charge  packets 
from  image  area  to  storage 
area,  and  then  from  storage 
to  readout 


Figure  2:  Two  charge  transfer  organizations 


GRASP  Laboratory 
University  of  Pennsylvania 
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November,  1996 


The  Video  Sensor 


Parameters  and  factors  characterizing  it: 

•  Intrinsic  to  the  CCD  camera: 
quantum  efficiency,  charge  transfer  efficiency  (CTE), 
read  noise,  spatial  resolution,  temporal  resolution,  and 
derivative  of  these  -  intensity  resolution. 

Read  noise,  in  particular,  is  our  concern. 


•  Related  to  the  joint  work  of  CCD  camera  and  digitizer: 
systematic  background  noise  component,  horizontal 
scale  and  line  Jitter. 


•  Related  to  the  optical  system: 
depth  of  field,  point  spread  function  of  the  lens, 
geometric  distortions. 


•  Related  to  the  continuous  to  discrete  signal  conversion 
and  subsequent  discrete  signal  processing:  spatial  and 
intensity  resolution  of  the  digital  image,  and  geometric 
and  numeric  computation  precision  and  accuracy. 


GRASP  Laboratory 
University  of  Pennsylvania 
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CCD  camera  noise 


•  Photon  (shot)  noise  —  random  fluctuations  in  the 
photon  flux.  Poisson  distributed. 

Dominates  the  total  noise  at  mid  and  high  intensity 
levels. 


•  Read  noise  —  related  to  the  CCD  operation  (charge 
collection,  charge  transfers,  and  signal  measurement). 
Random  noise  most  difficult  to  control. 

Most  prominent  at  low  signal  levels. 


•  Fixed  pattern  noise  —  random  noise  related  to 
impurities  and  defects  in  the  semiconductor. 
Controlled  via  flat  f/e/c/ calibration. 


GRASP  Laboratory 
University  of  Pennsylvania 


9-29 


November,  1996 


Read  noise  components 

•  Background  noise 

o  dark  current  (thermal); 

o  luminance  (induced  by  the  on-chip  electronic). 

A  systematic  noise,  due  to  the  clocking  of  digitizer 
and  other  electronic  components,  is  added  to  the 
camera  background  noise  and  results  in  the 
background  noise  of  the  digital  image 

•  Charge  transfer  noise 

•  Output  amplifier  noise 


Manifestation  of  the  background  noise  in  the  dark  images. 
Camera/ Digitizer  configuration:  SONY  XC-77RR/DT1451 

•  CCD  Camera:  SONY,  XC-77RR 
rectangular  array  of  493(V)x768(H), 

sel  size:  11  x  13pm,  chip  size  10.0  x  8.2mm, 
pixel  clock  frequency  14.318MHz,  within  1%  error; 

•  Frame  grabber:  DT1451 

effective  digitized  image  size  480(V)x512(H)  pixels, 
digitizer  clock  frequency  about  lOMHz. 


GRASP  Laboratory 
University  of  Pennsylvania 
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November,  1996 


Dark  images  and  the  background  noise 

Observe:  systematic  error,  dark  current  noise,  internal 
luminance,  charge  transfer  loss 


A  dark  image 


100  200  300  400  500 


100  dark  images  averaged 

100 
200 
300 
400 

100  200  300  400  500 


average  intensity  vs  column  num  average  intensity  vs  row  num 


Figure  3:  The  images  in  top  row  are  enhanced  prior  to  display.  The  graphs  show  average  intensity  by  column  and 
by  row  for  the  image  obtained  by  averaging  the  100  dark  images. 


GRASP  Laboratory 
University  of  Pennsylvania 
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November,  1996 


’’Dark  image”  signatures  for  different  video  sensors 


100  200  300  400  500  100  200  300  400  500 


Figure  4:  Left  plots  show  mean  intensity  by  rows  and  columns  in  dark  images,  and  the  corresponding  right  plots 
show  the  power  spectrum  for  the  signal  obtained  by  averaging  all  columns  in  the  corresponding  dark  image 


Observe 


o  variations  in  the  average  intensity 
o  periodicity  in  horizontal  direction 

o  exponential  decline  in  average  intensity  in  rows  in 
the  top  part  of  the  image 

o  decline  in  average  intensity  in  columns  going  left  to 
right 


GRASP  Laboratory 
University  of  Pennsylvania 
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Residual  images 


When  over  exposed,  an  image  is  “remembered”  on  the 
chip  for  hours:  quantum  efficiency  is  raised  artificially 


50 

100 

150 

200 

250 

300 

350 

400 

450 


Figure  5:  100  dark  images  after  exposing  the  camera  to  a  checker  board  pattern 

It  is  important  to  pay  attention  not  only  to  the  proper 
use  of  the  cameras  during  current  use,  but  also  how 
they  were  used  previously. 


GRASP  Laboratory 
University  of  Pennsylvania 
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Flat  fields  and  nonuniformity  in  pixel  response 


Flat  field  is  the  response  of  the  video  sensor  to 
uniform  stimuli 


•  Flat- field  correction:  correcting  for  background 
noise,  systematic  errors  and  response 
nonuniformities  via 


^corrected 


I-D 

F-D 


*  m 


where 

I  is  the  uncorrected  image, 

D  is  an  average  dark  image, 

F  is  an  average  flat  field  image  for  fixed 
illumination, 

m  is  the  overall  average  intensity  of  F  —  D. 


The  image  difference  and  division  are  pixel-wise 
operations. 


GRASP  Laboratory  9.34  November,  1996 

University  of  Pennsylvania  _ _ _ _ _ _ _ _ 


Test  I:  correction  with  flat  field  approximation 
obtained  with  lens  on  and  diffusing  glass. 

Two  images  (different  cameras,  same  digitizer)  are 
independently  corrected. 

•  Image  pairs 


left  target  image  right  target  image 


1 00  200  300  400  500  100  200  300  400  500 

Figure  6:  3  pairs  of  images:  target,  dark,  flat  field  approximations 


GRASP  Laboratory 
University  of  Pennsylvania 
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%  of  data  points  %  of  data  points 


•  Histograms  of  the  image  pairs 


value 


Figure  7:  Histograms.  Top  to  bottom:  raw, 


value 


dark,  flat  field  approximation  images 
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University  of  Pennsylvania  _ _ _ _ _ _ _ _ _ 


GRASP  Laboratory 
University  of  Pennsylvania 


Novennber,  1996 


%  of  data  points  %  of  data  points 


•  Histograms  of  original  targets  and  corrected 
images 


Original  target  left  (-)  and  right  (*)  images 


value 

Corected  left  (-)  and  right  (*)  images 


value 

Figure  9;  Top  to  bottom;  original  targets  and  flat  field  corrected  images 


GRASP  Laboratory 
University  of  Pennsylvania 
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Radiometric  calibration 


Preliminary  results  indicating  the  importance  of  the 
radiometric  calibration  in  the  multiple  camera 
applications 


Test  II:  disparity  map  computation  for  “uniform 
reflectance  white  card” . 

Flat  fields  are  obtained  without  the  lens  and  with  a 
diffusing  glass. 


GRASP  Laboratory 
University  of  Pennsylvania 
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Stereo  pair,  flat  field  pairs  at  avg  level  220, 
field  corrected  stereo  ^pair. 


flat 


left  original  image 


100  200  300 .400  500 
left  corrected  image 


100200  300400  500 


Figure  10:  Top  to  bottom:  original  stereo 


right  original  image 


100200  300400  500 


100 

200 

300 

400  i?',  '"rxiESlic,: 

100200  300400  500 

ir,  flat  field  pair,  flat  field  corrected  pair 


GRASP  Laboratory 
University  of  Pennsylvania 
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Disparity  map  based  on  uncorrected  stereo  pair, 
tuned. 


subpixel  dmap  uncorrected,  with  tuning 


GRASP  Laboratory 
University  of  Pennsylvania 
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•  Disparity  map  based  on  corrected  stereo  pair,  no 
tuning. 

subpixel  dmap  corrected,  no  tuning,  flat  field  avg  level  220 
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•  Comparison  of  the  residuals  of  a  plane  fit  to  the 
uncorrected  and  corrected  subpixel  disparity  maps 
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Materials  and  Their  Salient 
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Materials  and  Their  Salient 
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P.R.  Sinha,  Robotic  Exploration  of  Surfaces  and  Its  Application  to  Legged 
Locomotion,  Ph.D.  thesis,  Dept,  of  Mechanical  Engineering  and  Applied 
Mechanics,  University  of  Pennsylvania,  Philadelphia,  PA  Feb.  1992. 
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Soils  and  Their  Measurement,  McGraw- 


Demonstrations 
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■  Sufficient  confirmation  to  distinguish  mines/UXO  from 
clutter. 
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The  Use  of  Ocean  Optical  Data  to  Predict 
the  Performance  of  Mine  Detecting  Ocean  Lidar  Systems 

R.  Norris  Keeler 

Kaman  Diversified  Technologies  Corp. 


ABSTRACT 


In  the  course  of  conducting  operations  in  littoral  waters 
it  is  important  for  operational  commanders  to  assess  what 
performance  they  may  expect  from  various  fleet  assets.  Since 
ocean  lidar  mine  detection  systems  are  new  additions  to  the  US 
Navy,  only  recently  has  serious  consideration  been  given  to 
how  existing  oceanographic  data  can  be  used  as  input  to  lidar 
simulation  codes  for  mine  detection  performance.  While 
measurements  of  the  diffuse  attenuation  coefficient  from  the 
CZSZ  sensor  by  in  situ  instruments  provides  the  most 
applicable  input  to  predictive  codes,  by  far  the  most 
prevalent  data  available  is  seasonal  Secchi  disc  data.  Using 
the  relationship  between  Secchi  depth  and  extinction 
coefficient  "c",  reasonable  estimates  of  c  can  be  made  from 
available  Secchi  data.  The  extinction  coefficient  is  relevant 
to  the  performance  of  "spot"  type  lidars;  the  absorption 
coefficient  and  the  diffuse  attenuation  coefficient  relate  to 
broad  area  imaging  lidar  systems.  The  probability  of  detection 
and  false  alarm  rate  can  be  estimated  for  a  given  ocean  lidar 
system  when  these  oceanographic  properties  are  known,  along 
with  the  sea  state. 


BACKGROUND 

The  performance  of  an  ocean  lidar  mine  detection  (and 
bathymetric)  system  depends  on  the  quality  of  the  sea  water; 
the  sea  state,  and  for  bottomed  mines,  the  relative  albedo 
between  the  mine  and  the  ocean  (or  surf  zone)  bottom.  Ocean 
optical  data  is  generally  available,  although  not  normally  on 
a  real-time  basis;  and  sea  state  can  be  obtained  from 
estimated  wind  velocity  in  real  time.  Data  on  the  albedo  of 
the  ocean  bottom  is  often  available,  particularly  in  well 
traveled  littoral  regions.  Let  us  first  consider  the  data 
pertaining  to  ocean  turbidity. 
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OCEAN  OPTICAL  DATA 


There  are  a  number  of  ocean  optical  data  sources 
available  at  this  time.  The  best  known  of  these  is  the  Coastal 
Secchi  Depth  Atlas^.  This  gives  seasonal  tables  of  Secchi 
depths  throughout  the  world's  oceans.  The  validity  of  these 
data  and  their  interpretation  will  be  discussed  later. 
Various  Secchi  depth  tables  exist2^3-4^  and  are  currently 
available.  Much  of  this  activity  was  initially  carried  out  at 
the  Naval  Postgraduate  School,  and  now  resides  principally  at 
NRL  Stennis. 

With  the  advent  of  massive  computer  capability  and  global 
information  systems,  incredible  amounts  of  real  time  data  are 
now  available  to  the  operators.  The  first  example  of  such  data 
was  the  CZCS  (Coastal  Zone  Color  Scanner)  which  was  launched 
on  the  Nimbus-7  satellite  in  October,  1978.  This  data  was 
available  until  1986,  when  the  CZCS  failed,  operating  well 
past  its  projected  lifetime  of  one  year .  Its  replacement  will 
be  the  satellite  borne  WIFS  (operating  in  the  visible  range  of 
the  spectrum),  which  will  be  fielded  shortly. 

The  Ocean  Color  Section  at  NRL  Stennis  is  a  part  of  the 
Remote  Sensing  Applications  Branch  at  the  Stennis  Space  Center 
Detachment  of  the  Naval  Research  Laboratory.  The  section 
optical  processes  and  patterns  using  satellite  and  airborne 
sensors  that  record  data  primarily  in  the  visible  portion  of 
the  optical  spectrum  (ocean  color) .They  have  concentrated  in 
the  interpretation  of  the  CZCS  data.  The  section  makes 
extensive  use  of  web  sites  to  make  their  data  available^. 

In  conjunction  with  various  lidar  deployments,  personnel 
from  APL  Johns  Hopkins,  Sequoia  Scient if ic ( formerly  SRI), CSS 
and  NRAD  have  carried  out  in  situ  measurements  of  various 
ocean  optical  properties,  and  these  groups  remain  active  in 
developing  or  encouraging  the  development  of  in  situ  measuring 
equipment®'  ® . 


SECCHI  DISC  DATA 

The  most  comprehensive  description  of  the  use  of  the 
Secchi  disc  is  given  by  Preisendorf er^ .  It  is  appropriate, 
however,  that  the  present  work  be  presented  at  the  Naval 
Postgraduate  School,  because  it  was  at  NPS  that  the  first 
concerted  effort  was  made  by  Oceanography  Professor  Stephen  P. 
Tucker  to  tabulate  and  interpret  the  Secchi  data  available  and 
put  it  into  a  form  which  could  be  used  to  predict  the 
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performance  of  military  systems^®' .  In  this  paper  we  will 
be  dealing  with  the  performance  of  lidar  mine  detection 
systems,  only  recently  tested,  evaluated  and  deployed  in  the 
fleet  for  the  first  time^.  The  performance  of  bathymetric 
lidar  systems  such  as  SHOALS  and  LADS  is  normally  limited  to 
riverine  waters  where  Secchi  data  is  difficult  to 
interpret and  these  systems  will  not  be  discussed  here. 

Historically,  the  Secchi  disc  in  it  present  form  was 
invented  and  deployed  by  Italian  scientists  in  the  1865-66 
time  frame.  This  work  has  been  t  ranslated^^,  and  the  physics 
behind  the  disc  measurement  has  been  described  by 
Preisendorfer^^ .  It  is  by  far  the  most  commonly  used  ocean 
optical  measurement  devices. 

Physically,  the  disc  is  a  circular  white  target  30  cm  in 
diameter,  with  a  50  pound  weight  attached.  Discs  of  this  type 
were  first  used  by  Kotzebue  in  the  early  19th  century,  but 
these  procedures  were  not  systematized  until  the  work  of 
Secchi  and  Chialdi  in  1865.  The  procedure  was  to  lower  the 
disc  until  it  was  no  longer  visible;  this  depth  was  Zsi;  then, 
the  disc  was  raised  until  it  again  became  visible.  This  depth 
was  called  Zs2 .  The  Secchi  depth  was  then  calculated  by: 


(1) 


The  most  comprehensive  work  on  standardization  was  published 
by  Gershun^®. 

This  measurement  is  subject  to  many  sources  of  error. 
For  example,  with  surface  glint  and  other  conditions  of 
variable  illumination,  the  eye's  contrast  sensitivity  falls, 
decreasing  Z  by  about  20%.  Viewing  the  disc  from  the  sunny, 
rather  than  the  shady  side  of  the  boat  reduces  Z  by  20%, 
viewing  the  disc  in  rough  seas  reduces  Z  by  ~  30%.  Use  of  a 
box  with  a  glass  bottom  has  eliminated  these  effects  The 
intrinsic  error  in  the  measurement  under  optimum  viewing 
conditions  is  ~  2-3  feet.  This  gives  one  an  idea  of  the 
possible  errors  in  the  data  which  is  used  to  create  a  Secchi 
Atlas.  In  the  measurements  reported  in  this  paper, 
semiquant itative  estimates  of  the  magnitude  of  these  effects 
were  obtained. 
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It  should  be  noted  that  among  all  the  instrumentation  now 
existing  such  as  spectrophotometers,  bolometers,  vibrating 
reed  electrometers,  not  to  speak  of  the  humble  Simpson  Meter, 
the  Secchi  measurement  is  now  the  only  widely  used  measurement 
technique  which  relies  solely  on  the  human  eye. 

Attempts  have  been  made  to  model  the  dependence  of  Z  on 
Ka  in  a  linear  way.  These  attempts  have  not  been  entirely 
successful,  although  for  the  majority  of  waters,  fair 
approximations  can  be  made.  It  was  the  custom  of  the  various 
Soviet  investigators  involved  in  the  field  to  take  the  Secchi 
Disc  data  available,  and  try  to  fit  them  to  the  simple 
relationship : 


(2) 


£ 


with  the  coupling  coefficient,  and  with  £  the  extinction 
coefficient,  given  by: 

(3)  e  =  Ka  +  Ks,  or,  c  =  a  +  b 


Equation  (3)  us  written  in  two  forms.  The  second  form  is  more 
commonly  found  in  US  usage.  This  equation  states  that  the 
extinction  coefficient  is  equal  to  the  sum  of  the  absorption 
coefficient  and  the  scattering  coefficient.  Equation  (2)  has 
been  rigorously  derived  by  Levin^®  and  Preisendorfer^o .  Levin 
also  considered  the  effect  of  enhanced  backscatter  on  the 
Secchi  depth  measurement  in  this  paper.  It  should  also  be 
noted  that  Tyler  earlier  derived  a  relationship  for  the  disc 
which  was  incorrect^^  although  this  particular  reference  does 
contain  useful  and  interesting  data  on  the  relationship 
between  the  quantities  c  and  a. 

The  coupling  coefficient,  (3  is  a  "constant"  which  is 
related  to  the  conditions  under  which  the  Secchi  measurements 
are  made.  It  is  given  by: 

(3)  p  =  Inj^^j 

1  Ct  ) 

This  relationship  was  derived  by  Blackwell^^.  Here,  X  is  the 
product  of  the  still  water  contrast  transmittance  factor  and 
the  time  averaged  transmittance  factor  related  to  wave 
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generated  refractive  effects  at  the  water  surface.  If  Secchi 
measurements  are  made  over  still  water,  with  an  umbrella  or 
awning  obstructing  sunlight,  then  X  =  1.  Secchi  himself 
realized  this  and  attempted  to  obtain  ideal  experimental 
conditions  in  his  work.  Cq  is  the  inherent  contrast  of  the 
disc  at  the  given  depth,  and  is  simply  equal  to: 


(4) 


Co  = 


R-Roo 

Roo 


where  R  is  the  submerged  reflectance  of  the  disc  and  R*.  is 
the  total  backscattering  from  the  infinite  water  column  as 
viewed  by  the  observer.  Note  here  that  the  light  source  is  the 
sun.  Cx  is  the  threshold  contrast,  and  is  based  on  the 
physiological  optics  of  the  eye;  specifically  the  adaptation 
luminance  of  the  eye,  and  the  angular  diameter  of  the  Secchi 
disc.  This  has  recently  been  treated  in  detail  by  Wyzecki  and 
Stiles23 . 

Fortunately,  the  coupling  coefficient  has  a  logarithmic 
dependence  on  the  transmission  coefficients  and  the  threshold 
contrast.  The  values  for  j5  vary  between  5  and  6  for  the  waters 
in  which  we  normally  operate^®' .  Some  Soviet  investigators 
obtained  somewhat  higher  values^,  probably  because  their 
survey  included  more  data  taken  in  littoral  and  riverine 
waters.  Second  order  correction  can  be  applied,  but  are  beyond 
the  scope  of  this  paper. 

Since  scattering  and  absorption  are  caused  by  suspended 
particulate  matter  (biologies) ,  it  has  been  argued  that  there 
should  be  some  rough  relationship  between  and  Kg  But  there 
is  not  always  a  direct  relationship  between  Kg  and  Kg . 
Consider  Figure  1.  This  is  a  plot  of  Kg  vs.  Kg.  Both  these 
quantities  are  mean  values,  with  the  limiting  curve 
representing  the  lowest  Kg  for  a  given  Kg.  These  are  the 
appropriate  values,  by  the  way,  for  lidar  imaging  codes.  The 
Red  Sea  actually  has  a  red  absorbing  component.  Other  points 
off  the  curve  are  associated  with  upwelling  areas  off  the  West 
Coast  of  continents.  But  in  general.  Figure  1  can  be  used  as  a 
guideline.  The  solid  curve  represents  varying  concentrations 
of  phytoplankton,  and  at  its  lower  extremity,  the  properties 
of  pure  water.  Off  curve  points  indicate  excess  absorption  due 
to  other  biomass  matter  such  as  gelbstoff^^.  The  waters  for 
which  the  data  are  shown  are  waters  which  might  be  encountered 
in  the  lower  and  middle  Persian  Gulf,  AUTEC,  Panama  City, 
Adriatic,  Korea,  etc.  The  wavelength  is  485  nm,  which  is 
appropriate  for  Secchi  measurements  in  the  ocean,  as  the  eye 
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selects  out  the  optimum  wavelength  in  the  course  of  the 
measurements . 
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Figure  1 

Since  the  purpose  of  this  paper  is  to  outline  how  various 
ocean  optical  data  can  be  used  to  predict  ocean  lidar 
performance,  we  must  now  turn  to  the  hydro-optic  codes  used  to 
predict  lidar  perf ormance^®' 2'^- 28  _ codes  require  certain 
inputs  which  they  then  use  to  calculate  signal  to  noise, 
probability  of  detection  and  false  alarm  rate,  for  example. 

The  inputs  to  these  codes  are  the  ocean  optical 
properties.  They  can  divided  into  two  classes.  These  are 
inherent  and  apparent  optical  propert ies^s .  Since  they  are 
used  in  performance  prediction,  these  quantities  should  be 
defined.  Inherent  optical  properties  are  optical  parameters 
whose  values  do  not  depend  on  the  ambient  light  field.  They 
are  the  absorption  coefficient,  the  scattering  coefficient 
(including  the  phase  function)  and  the  attenuation 
(extinction)  coefficient.  These  parameters  appear  directly  in 
the  transport  equations  used  to  model  lidar  performance,  and 
their  physical  meaning  is  unequivocally  clear.  They  are, 
however,  difficult  to  measure  for  a  number  of  reasons  although 
considerable  progress  is  being  made. 

Apparent  optical  properties  depend  on  the  ambient  light 
field.  Normally,  the  ambient  light  field  is  a  result  of  solar 
radiation.  This  makes  such  measurements  relatively  simple, 
since  the  radiation  source  is  readily  available. 
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The  most  commonly  measured  optical  property  is  the 
diffuse  attenuation  coefficient.  A  detector  is  lowered  into 
the  water  and  readings  are  taken . (opt ical  filters  can  be  used 
if  desired) .  Then,  since  by  definition 


(5) 


eJk.  dz  ) 


t 


(6) 


£'d(^o)exp 


z 

-\K,{z)d2 


Zo 


Another  form  of  (6)  will  be  discussed  later  when  describing 
lidar  based  measurements. 


Under  ideal  conditions.  Equation  (2)  holds,  with  a  slowly 
varying  coupling  coefficient,  Preisendorfer  has  suggested  a  [5 
of  ~  6;  Levin29  indicated  that  p  is  dependent  on  other 
inherent  optical  properties,  and  should  be  around  5.  For  this 
reason,  Secchi  measurements  were  carried  out  at  Panama  City, 
Florida  from  10-13  September,  1996  to  determine: 

1 .  The  most  appropriate  coupling  coefficient 


2.  The  effect  of  sea  state,  glint,  etc.  on  Secchi  depth 

3.  The  effect  of  sun  angle  on  Secchi  depth. 

4.  Verification  that  Kg  ("a") is  the  "system  K"  of  ML. 


These  optical  measurements  were  organized  by  Dr.  Jack 
Lloyd  of  CSS,  and  carried  out  in  parallel  with  independent 
property  measurements  made  concurrently  at  the  same  location  by 
Ms.  E.  A.  Larson  of  CSS,  Panama  City.  Similar  measurements  were 
also  taken  by  APL/JHU  personnel.  At  the  same  time  and  in  the 
same  location  that  these  in  situ  measurements  were  being  taken, 
the  Magic  Lantern  imaging  lidar  system  was  deployed,  and  made 
measurements  of  a  K,  which  correlated  closely  with  the  a 
measured  in  situ.  The  results  are  shown  in  Table  I. 
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Day 

time 

zd,  feet  c,  m”^  a,  m"i  K(ML),  m“i 

Sept  11 

1130 

67  0.27 

1330 

62/64  0.29  0.08 

1430 

0.07 

Sept  12 

1230 

75 

1330 

0.22 

1430 

67 

1600 

0.07 

1615 

55-60  0.07 

Sept  13 

0745 

62 

0830 

0.20  0.08 

1000 

72 

1200 

67 

1230 

76 

1330 

81 

1400 

0.08 

1450 

75 

1600 

70 

1630 

0.07 

Table  I 

Further  discussion  of  the  lidar  measurements  and  their 
significance  will  be  given  later  in  this  paper,  with  the 
relevant  equations  for  determining  K(ML-Magic  Lantern®) . 

Zege  plotted  the  coupling  coefficient  against  the  single 
scattering  albedo  (this  is  b/c,  a  term  frequently  appearing  in 
the  Russian  Literature) ,  and  the  Secchi  depth  against  the 
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extinction  coefficient.  In  Figure  2,  the  coupling  coefficient 
is  the  product  of  the  measured  Secchi  depth  and  the 
independ'Cntly  measured  extinction  coefficient.  It  is  important 
to  note  that  since  the  littoral  and  coastal  region  are  where 
scattering  becomes  predominant,  the  coupling  coefficient  can 
be  greater  than  6.  As  an  extreme  case,  in  Norwegian  fjords 
where  there  are  large  amounts  of  suspended  siliceous  matter 
the  scattering  is  substantial  and  absorption  relatively  small, 
the  single  scattering  albedo  is  high,  and  the  coupling 
coefficient  can  be  as  high  as  7  or  8.  This  result  was  obtained 
by  Mankowsky,  who  tried  to  fit  (2)  to  large  amounts  of  data; 
and  fit  none  of  it  well.  This  dependence  is  based  on  a 
relationship  derived  by  Ivanov^, 


(7) 


1  ,  A.- r 

- In — — 

\-¥  a!  c  rk 


with  the  logarithmic  terms  representing  albedo  contrast  over 
threshold  vision  contrast;  that  is,  what  is  the  difference  in 
albedo  between  the  ocean  and  the  Secchi  Disc,  and  what 
difference  can  the  eye  detect?  p  is  only  a  weak  function  of 
these  variables,  because  of  their  logarithmic  dependence.  It 
should  also  be  noted  that  (7)  is  equivalent  to  (3),  but  is 
expressed  in  terms  which  can  be  directly  related  to  ocean 
optics  quantities.  It  is  equivalent  to  other  expressions 
derived  by  Preisendorfer . 

7 


6 


P  =  Zje 

dimensionless 


4 


As  it  cam  be  seen,  the  data  taken  agrees  well  with  the 
Zege  curve. 


A  Single  scattering  albedo 

Figure  2 


9-57 


Figure  3  shows  the  Secchi  depth  as  a  function  of 
extinction  coefficient 


/o  S  z 


£  Extinction  coefficient  (m"’) 


Figure  3 

On  the  last  day  of  the  test,  since  the  extinction 
coefficient  varied  only  slightly  with  depth  and  did  not  change 
substantially  during  the  day,  Secchi  runs  were  made  at  varying 
sun  angles,  to  verify  the  effect  on  measured  Secchi  depth. 
These  results  are  shown  in  Figure  4 .  Because  water  conditions 
remained  constant,  these  measurements  give  a  reliable 
indication  of  the  effects  of  sun  angle;  therefore  this 
correction  can  now  be  applied  to  Secchi  data  under  all 
conditions . 
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Solar  angle,  deg. 


Figure  4 

A  typical  Secchi  map  is  shown  in  Figure  5 .  These  are  some 
of  the  data  that  will  be  available  to  the  fleet  for  ocean 
lidar  deployment.  Note  the  lack  of  resolution. 


Figure  5 

Finally,  a  word  should  be  aid  about  the  device  used  to 
make  the  Secchi  measurements.  It  is  a  hollow  plastic  tube  with 
a  plastic  window  at  the  bottom.  It  was  lashed  to  the  stern  of 
Mr.  Offshore,  which  had  a  low  freeboard.  The  Secchi  Disc  was 
lowered  from  the  stern  two  or  three  feet  away.  The  tube  was 
hooded,  and  the  window  was  just  below  the  water  surface.  It 
could  be  trained,  so  that  the  disc  was  always  in  sight.  This 
arrangement  was  exceptionally  successful  and  produced  very 
reproducible  results  even  between  different  observers. 


THE  COASTAL  ZONE  COLOR  SCANNER  (CZCS) 


In  October  1978,  the  Nimbus-7  satellite  was  launched  into 
orbit .  It  carried  the  CZCS  scanning  radiometer  which  was 
designed  to  provide  high  quality  color  images  of  the  ocean 
during  the  year's  time  it  was  to  be  operative^o.  CZCS 
operated,  in  fact,  until  1986,  well  past  its  projected 
lifetime . 

CZCS  operated  in  six  spectral  bands,  five  in  the  visible 
and  one  in  the  thermal  IR.  The  active  scan  was  78°,  with  a  FOV 
of  0.05°.  From  950  km,  this  provides  a  ground  resolution  of 
825  m.  This  resolution  is,  in  fact,  more  than  adequate  for 
military  and  oceanographic  purposes.  The  CZCS  was  designed  to 
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provide  estimates  of  near-surface  phytoplankton  pigments  from 
a  measurement  of  the  spectral  solar  radiance  scattered  out  of 
the  ocean . 

It  has  been  shown  that  these  data  can  be  related  directly 
to  the  diffuse  attenuation  coefficient^^.  This  relationship 
is : 


(8)  K^(?i)  =  (l>(X)lA2l 


vW 


\  V'(^)-2-124 


■^h,443 

V-^«,550  J 


+K^a) 


where  the  L  terms  are  the  measured  normalized  radiances,  and 
the  functions  ([)  and  \|/  are  empirically  determined  functions. 
Austin  and  Petzold^^  have  determined  the  empirical 
relationships  for  these  functions,  and  their  procedure  has 
turned  out  to  be  quite  successful  in  determining  K'o(^)^3.An 
example  of  data  obtained  from  CZCS  is  shown  in  Figure  6 . 
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Figure  6 
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SEA  STATE 


The  initial  attempts  to  include  the  effects  of  sea  state  were 
carried  out  in  the  early  1980  time  frame.  Most  of  these 
references  were  Soviet^'^' .  A  direct  example  of  sea  state 
effects  was  pointed  out  by  Zege^®,  and  is  shown  in  Figure  7 . 
In  this  graph,  she  shows  that  as  a  target  is  imaged  at 

progressively  greater  depths,  the  ratio  decreases,  then 

increases,  then  monotonically  decreases.  In  all  cases,  S^[N  for 
a  given  sea  state  is  less  than  that  for  a  calm  sea,  and  the 
effect  becomes  more  pronounced  with  increasing  sea  state.  Ray 
tracing  codes  have  been  used  to  study  these  effects,  but  at 
present,  a  general  quantitative  statistical  approach  to  these 
effects  does  not  exist.  If  sufficient  data  were  taken,  it 

might  be  possible  to  work  out  S^fW  correlations,  and  get  an 
idea  of  the  degradation  of  images  as  a  function  of  depth. 

The  basic  physics  behind  this  effect  is  that  the  action  of 
waves  on  the  ocean  surface  causes  the  focusing  and  defocusing 
of  light  as  it  passes  through  the  water  column.  For  such 

analyses .  it  is  important  to  realize  that  a  derived  S^Jn 
refers  to  a  given  target  size.  Focusing  and  defocusing  of 
capillary  waves  causes  noise  of  small  dimensions  just  below 
the  sea  surface.  These  do  not  affect  larger  mine  like  targets. 
Focusing  and  defocusing  of  gravity  waves  creates  noise  at 
depths  in  the  range  of  10-20  feet,  depending  on  sea  state,  and 
the  dimensions  of  these  noise  sources  is  comparable  to  that  of 
a  mine  like  target.  In  addition,  as  pointed  out  by  Luchinin^'^, 
there  are  additional  noise  components  associated  with  wave 
action  at  the  surface;  the  modulation  of  the  height  of  waves 
at  the  surface  McLean  has  attempted  to  describe  some  of  the 
implications  of  earlier  Soviet  work  in  comparisons  with 
existing  analytical  models,  but  apparently  was  unaware  of  the 
previous  work  of  Zege . 

The  model  of  deWeert^^  can  be  used  to  simulate  these 
effects.  For  example,  a  hypothetical  operating  imaging  lidar 
system  could  be  chosen.  The  target  could  be  a  36"  sphere  of  8% 
(Lambertian)  reflectivity,  in  Jerlov  Coastal  water.  Class  I. 
The  transport  codes  used  in  this  ray  tracing  routine  are  based 
on  This  water  has  an  extinction  coefficient  of  £("c").The 
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extinction  coefficient  can  be  related  to  a  and  b  through 
relationships  given  by  Gordon  and  Morel^'^.  Ptc  is  obtained  by 
use  of  equations  derived  by  Oishi^s.  when  Secchi  depth  is 
available,  the  extinction  coefficient  can  be  calculated  from 
Equation  (3)  .Thus,  it  is  possible  to  obtain  the  SNR  from  a 
Secchi  depth  data  for  a  given  area  using  the  ray  tracing 
model . 

Although  ray  tracing  might  be  considered  a  brute  force 
technique,  nevertheless,  representations  such  as  these  are 
quite  valuable,  as  they  can  be  extended  to  various  other 
Jerlov  classes  of  higher  water  quality,  if  it  is  assumed  that 
for  a  given  system  the  product  Kd  =  constant;  that  is,  for  a 
given  system,  the  product  of  (or  "a")  and  the  depth  d  is 

constant  (for  a  given  S^^N). Note:  the  common  notation  of  Kd 
for  irradiance  coefficient  should  not  be  confused  with  another 
term  unfortunately  used  in  ocean  lidar  literature;  Kd,  the 
dimensionless  product  of  some  attenuation  coefficient  "K"  amd 
the  depth,  d. 

The  Commander  in  the  field,  however,  is  interested  in  the 
probability  of  detection  and  false  alarm  rate.  He  wants  to 
know  what  are  the  chances  that  his  sensors  might  miss  a  mine, 
and  what  delays  might  be  incurred  in  determining  whether  a 
contact  is  a  mine,  or  a  false  alarm.  It  is  possible  to  express 
probability  of  detection  (POD)  as  a  function  of  signal  to 
noise  ration  SNR) ,  with  false  alarm  rate  (FAR)  as  a  parameter. 
Using  Gaussian  statist ics^®,  it  is  possible  to  prepare  a  plot 
of  POD  vs.  SNR,  with  FAR  as  a  parameter.  Thus,  with  Secchi 
depth  measurements  (or  CZCS  Kd  data) it  is  possible  to  obtain 
the  FARs  and  PODs  needed  in  the  field. 

These  techniques  will  continue  to  be  improved  on,  but  what  is 
discussed  here  is  the  framework  of  a  methodology  to  provide 
the  basic  system  performance  predictions  desired  by  the  fleet. 


DIRECT  MEASUREMENTS  MADE  BY  OPERATING  LIDAR  SYSTEMS 


The  Magic  Lantern®  system,  for  example,  can  itself  be  used  to 
make  ocean  optics  measurements,  and  the  results  of  some  of 
these  measurements  are  shown  in  Table  I.  These  measurements 
were  taken  at  the  same  location  and  at  the  same  time  as  the 
Secchi  and  in  situ  measurements.  This  technique  has  been 
described  previously.  Two  adjacent  gates  are  taken  and  the 
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logarithm  of  the  ratio  is  then  related  to  the  absorption 
coefficient  a  by  Equation  (8)  .Here,  the  Si  is  the  camera  gain 
associated  with  gate  i  and  Zj  refers  to  the  centerline  depth  of 
the  gate . 


(8) 


In 


The  measurement  of  a  by  this  technique  is  radically  different 
than  in  situ  measurements.  The  differences  are: 

(a)  The  measurement  assumes  water  homogeneity  across  the 
gates  imaged.  Otherwise,  the  a  measured  is  an  average.  Since 
gates  cannot  be  decreased  to  sizes  smaller  than  ~  15-20  feet, 
detailed  inhomogeneities  cannot  be  detected. 

(b)  The  optical  quantity  measured  is  backscattered  light. 
This  requires  that  ^(0),  the  phase  function,  be  constant  in  the 
vicinity  of  180°. 

(c)  The  measurement  is  taken  through  the  air  sea 
interface,  and  is  subject  to  wave  focusing  and  defocusing 
going  into  and  out  of  the  ocean. 

Since  the  basis  of  the  measurement  is  the  comparison  of 
camera  gain  at  two  adjacent  gates,  each  gate  experiences,  to 
some  extent,  effects  (a)  through  (c) .Therefore,  these  effects 
will  be  second  order,  if  that  much.  The  existence  of  effect 
(c)  leads  to  the  question  of  whether  ML  is  measuring  Kd  or  a. 
It  has  been  shown  previously  that  a  wide  area  system  measures 
"a"  when  operating  through  a  smooth  sea  surface.  Since 
adjacent  gates  experience  the  same  effects,  the  K  measured  by 
ML  should  closely  approach  a.  Although  Russian 
oceanographers^^,  use  a  relationship  expressing  as  a 
function  of  "a",  when  the  sun  is  close  to  zenith  and  the  sea 
is  calm,  approaches  "a"  very  closely.  This  was  observed  in 
the  test  results  of  Table  I. 


Spot  systems  can  also  be  used  to  make  oceanographic 
measurements.  In  this  case,  a  profile  of  c  with  depth  is 
obtained'’^ 
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(9) 


exp 


e(z)  =  • 


S(z)-S„ 


1  2  r 


dz' 


More  sophisticated  relationships  can  be  found  in  the 
Soviet  literature  which  take  into  account  laser  transmitter 
beam  divergence  angle,  point  spread  function  and  variable 
phase  functions.  More  interesting,  and  with  no  Western 
counterpart  is  the  remote  determination  of  the  scattering 
coefficient  using  polarization  techniques. 

THE  TWA  800  CRASH  OFF  MORICHES  INLET 

The  crash  of  TWA  Flight  800  on  the  evening  of  July  15, 
1996  has  been  well  documented  and  thoroughly  discussed.  The 
Oceanographer  of  the  Navy  recently  gave  a  thorough  description 
of  the  recovery  efforts  that  took  place  immediately  after  this 
disaster'^2  _ These  efforts  were  not  immediate,  as  several  days 
were  required  to  locate  the  major  portions  of  the  wreckage.  A 
schematic  of  the  flight  pattern  and  the  debris  field  is  shown 
in  Figure  8 . 

Had  the  Magic  Lantern  system  been  fielded,  the  debris 
could  have  been  located  almost  immediately,  and  sonar  and 
laser  line  scanners  deployed  for  a  detailed  investigation  of 
the  wreckage.  It  should  be  pointed  out  immediately  that  the 
problem  of  locating  bottomed  objects  is  more  difficult  than 
locating  floating  or  suspended  objects.  In  looking  for 
bottomed  objects,  the  critical  variable  is  the  albedo  ratio; 
that  is,  the  ratio  of  the  object's  albedo  to  the  albedo  of  the 
bottom.  In  this  situation,  the  searchers  were  fortunate.  The 
water,  ranging  from  ~  80  -  110  feet  deep,  has  what  is  called  a 
"white  bottom",  with  an  albedo  of  0.25  to  0.30.  The  high 
albedo  exists  in  part  because  of  the  area  is  not  in  close 
proximity  to  the  Hudson  river  outflow,  much  of  the  silt  from 
the  Hudson  and  Connecticut  rivers  depositing  in  Long  Island 
Sound.  The  area  was  on  the  Continental  Shelf  in  relatively 
shallow  water.  TWA  indicated  that  the  debris  would  be 
aluminum,  with  a  reflectivity  of  70-80%  and  other  debris  with 
reflectivity  of  5-15%.  Thus,  the  requirement  of  albedo 
contrast  was  met.  As  an  added  benefit.  Magic  Lantern  easily 
detects  floating  debris  in  obscuration,  operating  better  at 
night  than  in  daylight . 
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The  remaining  questions  involve  water  turbidity  and  Sea  State. 
This  area  is  frequently  visited  by  oceanic  gyres  spinning  off 
the  Gulf  Stream  and  the  water  is  clearer  than  would  be 
expected  for  water  so  close  to  the  shore.  Figure  9  is  an 
excerpt  from  a  NOAA  report43.  It  can  be  seen  that  the  water  is 
roughly  Jerlov  Class  II.  This  was  confirmed  by  Secchi 
measurements  taken  in  the  area  at  about  the  same  time.  Note 
that  in  this  document,  the  ocean  optical  property  cited  is  the 
optical  transmissivity  as  a  function  of  depth. 

For  two  or  three  days  after  the  disaster,  the  sea  was 
relatively  calm,  and  the  sea  state,  0-1.  After  that  time  the 
winds  picked  up,  and  the  sea  state  increased  to  1-2 . 

The  results  of  ray  tracing  code  runs^''  are  shown  in  Figures 
10-12.  In  Figure  10,  simulated  2'  diameter  aluminum  structural 
items  (reflectivity  =  80%)  are  imaged  against  a  sandy  bottom 
(reflectivity  =  20%)  at  100  feet  depth.  The  lidar  system  is 
800  feet  above  the  ocean  surface.  The  water  is  Jerlov  Class 
II.  In  Figure  11,  the  sea  state  is  1,  and  the  target  images 
are  rippled  because  of  surface  wave  action.  In  Figure  12,  the 
sea  state  is  calm;  the  water  is  Jerlov  Class  III. Here,  the 
targetswere  6'  x  6'.  In  all  these  simulations,  the  structural 
members  were  clearly  visible.  When  the  items  were  of  low 
reflectivity,  comparable  detectability  is  observed. 

In  conclusion,  the  deployment  of  the  Magic  Lantern  system 
within  24  hours  of  the  TWA  Flight  800  crash  could  have  led  to 
the  localization  of  major  items  in  the  underwater  debris  field 
some  4-5  day  earlier  than  they  were  actually  found. 
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Figure  iO 
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Figure  12 


9-73 


REFERENCES 


1.  Arnone,  Robert  A.  Coastal  Secchi  Depth  Atlas,  NORDA  Report 
83,  Naval  Ocean  Research  and  Development  Activity,  NSTL, 
Mississippi,  1985 

2.  Frederick,  M.  A.  An  Atlas  of  Secchi  Disc  Transparency 
Measurements  and  Forel-Ule  Color  Codes  for  the  Oceans  of  ten 
World,  MS  Thesis,  U .  S.  Naval  Postgraduate  School.  Monterey, 
California,  188  pp . ,  1970 

3.  Ivanov,  A.  P.  Physical  Principles  of  Hydrooptics,  Nauka  i. 
Tekhnika,  Minsk,  1975,  pp .  349-405 

4.  Mankovsky,  V.  I.,  Okeanololog .  17,  750—53(1978) 

5.  These  data  are  available  through  the  internet  and  can  be 

accessed  at  http://www7240.nrlssc.navy.mil/ocolor/ocean.html. 


6.  See,  for  example,  Larson,  E.  A.,  ML (ADM)  Model  DT-IA  Test, 
Oceanographic  Test  Report,  July  19  to  August  9,  1996,  CSS  Code 
3310,  Oceanographic  Support  Group,  Panama  City,  Florida. 

7.  Maffione,  R.  A.  and  D.  R.  Dana,  "Instruments  and  methods 
for  measuring  the  backward  scattering  coefficient  of  ocean 
waters.",  preprint.  Sequoia  Scientific  Inc.  Mercer  Island 
Washington;  to  be  published  in  the  proceedings  of  Ocean  Optics 
XIII,  Halifax,  Nova  Scotia,  October  22-25,  1996 

8.  Pegau,  W.  S.  et  al . ,  J.  Geophys .  Res..  100,  13,201(1995) 

9.  Preisendorfer,  R.  W.  NOAA-PMEL  Technical  Memorandum  ERL 
PMEL-67,  Pacific  Marine  Environmental  Laboratory,  Seattle, 
Washington,  April  1986,  90  pp . 

10.  Tucker,  S.  P.,  A  Bibliography  of  Optical  Oceanography, 
Oceanography  Department,  Naval  Postgraduate  School,  Monterey, 
California  (1970) 

11.  Murdock,  J.  H.,  The  Transparency  of  Southeast  Asia  and 
Indonesian  Waters,  M.  S.  Thesis,  Oceanography  Department, 
Naval  Postgraduate  School,  Monterey,  California  (1980) 


9-74 


12.  Van  Norden,  M.  F.  and  S.  E.  Litts,  The  Transparency  of 
Selected  U.  S..  Coastal  Waters  with  Application  to  Laser 
Bathymetry,  Oceanography  Department,  Naval  Postgraduate 
School,  Monterey,  California  (1979) 

13.  Tucker,  S.  P.,  A  Bibliography  of  Hydrooptics  in  the 
Soviet  Union,  Oceanography  Department,  Naval  Postgraduate 
School,  Monterey,  California  (1970) 

14.  Keeler,  R.  N.,  Proceedings  of  the  Autonomous  Vehicles  in 
Mine  Countermeasures  Symposium,  U.  S.  Naval  Postgraduate 
School,  Monterey,  California,  4-7  April  1995,  p  6-14 

15.  Setter,  C.  and  R.  J.  Willis,  Proceedings  of  the  Sixth 

Biennial  National  Ocean  Service  International  Hydrographic 
Conference,  April  18-23,  1994,  Norfolk  Virginia,  The 

Hydrographic  Society  of  America,  Rockville,  Md.,  p.l34 

16.  Lillycrop,  W.  J.,  et  al.  Proceedings  of  the  Sixth  Biennial 
National  Ocean  Service  International  Hydrographic  Conference, 
April  18-23,  1994,  Norfolk  Virginia,  The  Hydrographic  Society 
of  America,  Rockville,  Md.,  p.l44 

17.  A.  Secchi,  in  A.  Cialdi,  Sur  moto  ondoso  del  mare  e  su  le 

correnti  di  esso  specialmente  auquelle  littorali,  2nd  ed.  p 
258-288,  Department  of  the  Navy,  Office  of  the  Chief  of  Naval 
Operations,  ONI  Translation  A-655,  Op-923  M4B,  21  December, 

1955. 

18.  Preisendorfer,  R.  W.,  Limnol.  Oceanogr.  31(5)  909  (1986) 

19.  Gershun,  A.,  Tr.  Gos .  Okeanogr.  Inst.  11,  99(1936) 

20.  Levin,  I.  M.,  Izv.  Atm.  Okean .  Phys .  16,  678  (1980) 

21.  Tyler.  J.  E.,  Limn,  and  Oceanogr.  13,  1(1968) 

22.  Blackwell,  H.  R.,  J.  Opt.  Soc .  Am.  36.  624  (1946) 

23.  Wyzecki,  G.  and  W.  S.  Stiles  Color  Science;  Concepts  and 
Methods  John  Wiley  and  Sons,  New  York,  New  York,  2nd  ed,  1982 

24.  Holmes,  R.  W.,  Limn.  Oceanogr.  15,688  (1970)  as  corrected 

by  Hojerslev,  N.  K.,  SPIE  637;  paper  637-37  (1986) 

25.  Zaneveld,  J.  R.,  J.  Geophy .  Res.  98.  Cll,  20,236  (1990) 


9-75 


26.  Haimbach,  S.  and  R.  F.  Lutomirsky,  Proceedings  of  the 

Sixth  Biennial  National  Ocean  Service  International 
Hydrographic  Conference,  April  18-23,  1994,  Norfolk  Virginia, 

The  Hydrographic  Society  of  America,  Rockville,  Md.,  p.200 

27.  deWeert,  M.  J.,  "Imaging  Lidar  Model  with  Surface  Waves", 
Kaman  Aerospace  EODC,  Kaman  Corporation,  Tucson  Arizona,  1996 

28.  Moran,  S.  E.  and  R.  D.  Campbell,  "Imaging  Lidar  Model" 
SAIC,  Electrooptic  Division,  San  Diego,  California,  1993 

29.  Preisendorf er,  R.  W.,  J.  Mar.  Res.  18,  1(1959) 

30.  Levin,  I.  M.  Izv.  Akad.  Nauk  SSSR,  Fiz .  Atmos.  Okeana  16, 

No.  9  926(1980) 

31.  Gordon,  Howard  R.  and  A.  Morel,  Remote  Assessment  of  Ocean 
Color  for  Interpretation  of  Satellite  Visible  Imagery, 
Springer  Verlag,  New  York,  New  York,  1983  p.  3 

32.  Oceanographic  Applications  of  Remote  Sensing,  CRC  Press, 

Boca  Raton,  Florida,  M.  Ikeda  and  F.  Dobson,  eds . ,  1995,  p. 

167 

33.  Austin,  R.  W.  and  T.  J.Petzold  in  Oceanography  from  Space, 
Gower,  1981,  p  239 

34.  Luchinin,  A.  G.,  and  I.  A.  Sergievskaya,  Izv.  Akad.  Nauk 
SSSR,  Fiz.  Atmos.  Okeana  18(8),  850  (1982) 

35.  Luchinin,  A.  G.,  and  I.  A.  Sergievskaya,  Izv.  Akad.  Nauk 
SSSR,  Fiz.  Atmos.  Okeana  22(7),  773(1986) 

36.  Zege,  E.  P.  et  al . ,  Atmos  Ocean  Opt.  5(8),  510(1992) 

37.  McLean,  J.  W.  and  J.  D.  Freeman,  Appl .  Opt.  35  (18) , 3261  (1966) 

38.  Gordon, and  mMrel 

39  Oishi,  T.,  Appl.  Opt.  29,  4658(1990) 

40  deWeert,  M.  J.,  unpublished  work,  Kaman  Aerospace  EODC, 
Kaman  Corporation,  Tucson,  Arizona,  1996 

41  Keeler,  R.  N.,  "Imaging  Lidar  Systems  and  K-Meters  Employing 
Tunable  and  Fixed  Frequency  Lasers"  U.  S.  Patent  5,091,778  dtd 
February  25,  1992. (in  a  previous  patent,  Ulich,  4,963,024,  dtd 
October  16,  1990,  the  "system  K"  is  compared  with  K^) 


9-76 


42  Ivanov,  A.  P.,  et  al.  Izv.  Akad.  Nauk  SSSR,  Fizika  Atmosferi 
Okeana,  9  (10) ,  1101  (1973) 

43.  Hoge,  F.  R.  et  al . ,  Appl.  Opt.  27(19),  3969(1988) 

44.  RADM  Paul  E.  Tobin,  Oceanographer  of  the  Navy  Keynote 
Address,  Symposium  on  Technology  and  the  Mine  Problem,  U.  S. 

Naval  Postgraduate  School,  Monterey  California,  November  18, 

1996 

45.  NOAA  Technical  Memorandum  OMPA-16,  "Analysis  of  the 
Accuracy  of  the  /Inter  Ocean  CSTS  Sensors  Used  on  the  Mesa  New 
York  Bight  Project,  Boulder,  Colorado  1982 


9-77 


9-78 


The  Mechanics  and  Control  of  Biomimetic  Robotic  Locomotion 


Joel  Burdick,  Bill  Goodwine 
Dept,  of  Mechanical  Engineering 
California  Inst,  of  Technology 
Pasadena,  CA  91125 

Abstract:  This  paper  uses  geometric  methods  to 
study  basic  problems  in  locomotion.  We  consider  in 
detail  the  case  of  ^^undulatory  locomotioUj”  which  is 
generated  by  a  coupling  of  internal  shape  changes  to 
external  nonholonomic  constraints.  Such  locomotion 
problems  can  be  modeled  as  a  connection  on  a  princi¬ 
pal  fiber  bundle.  The  properties  of  connections  lead  to 
simplified  results  for  both  the  dynamics  and  control¬ 
lability  of  locomotion  systems.  We  demonstrate  the 
utility  of  this  approach  on  a  novel  ^^Snakeboard”  and 
a  multi-segmented  serpentine  robot  which  is  modeled 
after  Hirose^s  ACM. 

1  Introduction  and  Motivation 

It  may  be  useful  or  essential  for  future  robotic  sys¬ 
tems  that  are  aimed  at  mine  countermeasure  and 
mine  removal  applications  to  be  capable  of  highly 
complex  and  adaptable  locomotion.  The  need  for 
complex  robot  locomotion  behavior  is  not  peculiar 
to  mine  countermeasures,  and  consequently  a  large 
body  of  research  has  developed  in  the  area  of  robotic 
locomotion,  since  mobility  is  an  important  capabil¬ 
ity  for  autonomous  systems.  Most  mobile  robots 
are  wheeled  vehicles,  since  wheels  provide  the  sim¬ 
plest  means  for  mobility.  The  assumption  that  these 
wheels  do  not  slip  provides  nonholonomic  kinematic 
constraints  on  a  vehicle’s  motion,  and  these  kine¬ 
matic  nonholonomic  systems  have  been  extensively 
studied  [19,  22,  26,  32]. 

Robotics  researchers  have  also  considered  biomimetic 
forms  of  locomotion,  such  as  legs  and/or  tracks,  to 
generate  robot  movement.  Multi-legged  quasi-static 
locomotion  has  been  the  most  extensively  studied 
means  of  legged  locomotion,  and  several  quadrupedal 
and  hexapedal  robots  have  been  successfully  devel¬ 
oped  and  demonstrated  [8,  34].  Beginning  with  Raib- 
ert  [31],  hopping  robots  have  received  considerable 
attention  [17,  23,  35].  Bipedal  walking  and  running 
has  also  been  an  active  area  of  study  [9,  15,  21,  24]. 
Other  researchers  have  investigated  various  forms  of 
“snake- like”  locomotion  [4,  7, 13],  as  snake-like  robots 
can  potentially  access  environments,  such  as  tunnels 
and  pipes,  that  are  inaccessible  to  legged  or  wheeled 
vehicles. 


Jim  Ostrowski 

Dept,  of  Mechanical  Engineering 
University  of  Pennsylvania 
Philadelphia,  PA 

In  an  attempt  to  derive  strong  results  for  specific  ex¬ 
amples,  prior  locomotion  studies  have  focused  either 
on  a  particular  set  of  locomotion  assumptions  (such 
as  the  quasi-static  assumption)  or  on  a  particular 
robot  morphology  (such  as  a  biped,  quadruped,  or. 
snake-like  robot).  However,  results  derived  for  one 
morphology  typically  do  not  extend  to  other  mor¬ 
phologies.  Cost  effective  and  robust  deployment  of 
robotic  technology  will  require  a  more  comprehen¬ 
sive  and  general  approach  to  the  analysis,  design, 
and  control  of  robotic  locomotion.  A  practically  use¬ 
ful  theory  of  robotic  locomotion  analysis  and  control 
would  have  the  following  properties: 

•  the  theory  is  not  constrained  to  a  particular  mor¬ 
phology. 

•  the  theory  can  be  implemented  in  automated 
software  tools  that  will  enable  future  robotic  sys¬ 
tem  designers  to  more  rapidly  design  and  evalu¬ 
ate  robotic  locomotion  platforms. 

•  the  theory  has  rigorous  mathematical  underpin¬ 
nings  so  that  the  performance  of  systems  based 
on  the  theory  can  have  predictable,  provable, 
and  verifiable  properties. 

Such  a  theory  is  currently  beyond  our  reach.  How¬ 
ever,  it  is  our  belief  that  the  development  of  such  a 
theory  will  be  essential  for  widespread  deployment  of 
robust  and  cost  effective  robotic  systems  with  non¬ 
trivial  locomotion  capability.  This  paper  reviews 
some  of  our  efforts  aimed  at  developing  such  a  lo¬ 
comotion  theory. 

In  virtually  all  forms  of  biomimetic  locomotion,  the 
basic  process  of  movement  arises  by  coupling  a  pe¬ 
riodic  internal  deformation  of  the  mechanism  to  an 
interaction  between  the  robot  and  its  environment. 
In  the  case  of  undulatory  locomotion,  the  constraint 
is  a  smooth,  but  perhaps  continually  varying,  one. 
Common  biological  examples  of  undulatory  locomo¬ 
tion  include  worms  and  snakes  (where  the  coupling  is 
due  to  friction),  and  fish  (where  the  coupling  is  a  fluid 
interaction).  For  systems  with  legs,  the  constraint  of 
legged  contact  is  nonsmooth. 
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We  review  in  this  paper  the  mechanics  of  undulatory 
systems  whose  constraints  take  the  form  of  a  contin¬ 
uous  nonholonomic  kinematic  constraint.  This  class 
of  systems  includes  most  “snake-like”  vehicles.  We 
show  that  such  systems  can  naturally  be  described  as 
a  connection  on  a  principal  fiber  bundle.  Second,  we 
introduce  a  specialized  form  of  the  dynamical  equa¬ 
tions  for  mechanical  systems  with  Lagrangian  sym¬ 
metries  and  nonholonomic  constraints.  Third,  we 
show  how  these  results  lead  to  a  simple  and  appeal¬ 
ing  insight  into  undulatory  locomotion.  Finally,  we 
show  that  the  framework  is  a  superset  of  prior  work 
on  the  mechanics  of  wheeled  nonholonomic  vehicles 
and  free-floating  satellites.  The  ideas  are  illustrated 
by  two  examples:  a  “snakeboard”  and  a  serpentine 
robot  which  is  roughly  modeled  on  Hirose’s  Active 
Cord  Mechanism.  The  extension  of  these  ideas  to 
legged  systems  is  briefly  reviewed,  and  more  details 
can  be  found  in  Ref.  [10]. 

2  Relation  to  Previous  Work 

While  there  is  a  vast  literature  on  robotic  locomo¬ 
tion,  very  few  works  have  attempted  to  uncover  the 
underlying  mathematical  structure  that  is  common 
to  all  locomotion  systems. 

One  of  the  earliest  relevant  works  is  that  of  Shapere 
and  Wilczek  [33]  who  studied  the  movement  of  small 
organisms  through  a  highly  viscous  fluid.  Using 
gauge  theory  (which  is  the  language  used  by  physi¬ 
cists  for  a  connection),  they  have  shown  how  the 
organism’s  net  displacement  results  from  cyclical 
changes  in  the  shape  of  the  body. 

More  recently,  Chirikjian  and  Burdick  coined  the 
term  hy per ••  redundant  to  describe  robots  with  a  very 
large  number  of  degrees  of  freedom,  such  as  snake-like 
robots.  Chirikjian  and  Burdick  considered  locomo¬ 
tion  schemes  that  were  reminiscent  of  the  sidewinding 
[4]  and  creeping  [7]  gaits  of  snakes.  They  also  consid¬ 
ered  gaits  that  are  analogous  to  those  of  inchworms 
and  earthworms. 

Kelly  and  Murray  [16]  have  modeled  a  number  of 
locomotive  systems,  such  as  idealized  inch-worms 
and  sidewinding  snakes,  using  kinematic  constraints. 
They  show  how  these  systems  can  be  modeled  using 
a  principal  kinematic  connection  (which  is  described 
below).  They  also  provide  results  on  controllability, 
as  well  as  an  interpretation  of  movement  in  terms  of 
geometric  phases. 

Tsakiris  and  Krishnaprasad  [18]  have  investigated  the 
movement  of  Variable  Geometry  Truss  (VGT)  mech¬ 


anisms  which  employ  no-slip  wheel  constraints.  They 
term  these  models  “G-snakes”  since  each  mechanism 
segment  must  move  within  a  subset  of  a  Lie  group, 
G.  Hence,  the  mechanisms’  configuration  space  is  a 
principal  fiber  bundle,  and  the  kinematic  constraints 
define  a  principal  kinematic  connection. 

Many  locomoting  mechanisms  use  wheels  to  provide 
nonholonomic  kinematic  constraints  on  the  robot’s 
motion.  These  nonholonomic  systems  have  largely 
been  treated  as  purely  kinematic  systems,  i.e.  their 
dynamics  are  constrained  in  a  manner  such  that  only 
configuration  velocities  need  be  considered.  This  as¬ 
sumption  has  led  to  some  excellent  progress  in  areas 
such  as  controllability  [2]  stabilization  [6]  and  tra¬ 
jectory  generation  [27].  The  framework  outlined  be¬ 
low  includes  all  of  these  systems  as  a  special  case. 
Dynamic  effects  are  essential  to  the  motion  of  some 
systems.  In  one  class  of  systems,  momentum  conser¬ 
vation  laws  are  treated  as  a  type  of  internal  nonholo¬ 
nomic  constraint.  These  problems  primarily  arise  in 
rigid  body  reorientation,  such  as  the  spinning  satellite 
[5,  28,  36]  and  the  falling  cat  [25].  There  are  a  num¬ 
ber  of  systems,  such  as  the  snakeboard  example  that 
is  considered  below  [20],  where  both  kinematic  con¬ 
straints  and  symmetry  (dynamic)  constraints  come 
into  play.  These  mixed  nonholonomic  systems  have 
rarely  been  treated  in  the  literature.  Of  notable  ex¬ 
ception  is  Ref.  [2],  where  control  results  were  estab¬ 
lished  for  the  restrictive  assumption  that  the  uncon¬ 
strained  directions  are  fully  actuated,  and  Ref,  [3] 
which  has  been  a  valuable  foundation  for  many  of 
the  results  presented  here. 

One  of  the  earliest  studies  of  snake-like  robots  was 
conducted  by  Hirose  [11,  13].  Hirose  formulated  a 
serpenoid  curve — a  curve  representing  the  path  that 
a  snake  would  trace  out  as  it  slithers  forward.  Hirose 
showed  that  a  snake-like  vehicle  could  generate  a  net 
forward  force  by  applying  torques  along  the  length 
of  its  body  in  the  manner  dictated  by  the  serpenoid 
curve.  To  demonstrate  these  results,  he  built  a  snake¬ 
like  robot  capable  of  propelling  itself  forward  using 
only  internal  torques.  In  the  ensuing  sections,  we  de¬ 
velop  a  framework  for  understanding  and  controlling 
such  systems. 

3  Background 

It  is  always  possible  to  divide  a  locomoting  robot’s 
configuration  variables  into  two  classes.  The  first 
set  of  variables  describes  the  position  of  the  robot, 
which  is  the  displacement  of  a  coordinate  frame  at¬ 
tached  to  the  moving  robot  with  respect  to  a  fixed 
reference  frame.  The  set  of  frame  displacements  is 
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SE{m)^m  <  3,  or  one  of  its  subgroups — i.e.,  a  Lie 
group.  The  second  class  of  variables  defines  the  in¬ 
ternal  configuration,  or  shape,  of  the  mechanism.  We 
only  require  that  the  set  of  all  possible  shapes  (the 
“shape  space”)  be  described  by  a  manifold,  M.  The 
total  configuration  space  is  Q  =  G  x  M,  The  shape 
and  position  variables  are  coupled  by  the  constraints 
acting  on  the  robot.  Hence,  by  making  changes  in  the 
shape  variables,  it  is  possible  to  effect  changes  in  the 
position  variables  through  the  constraints.  The  rela¬ 
tionship  between  shape  changes  and  position  changes 
can  be  described  by  a  connection. 

Let’s  first  consider  the  conventional  Lagrangian  ap¬ 
proach  for  studying  the  dynamics  of  locomotion  sys¬ 
tems.  We  assume  the  existence  of  a  Lagrangian  func¬ 
tion,  L{q,q),  on  TQ  and  k  constraints  which  are  lin¬ 
ear  in  velocities: 


=  for  i  =  (1) 

This  class  of  constraints  includes  most  commonly 
investigated  nonholonomic  constraints.  In  conven¬ 
tional  engineering  mechanics,  the  constraints  are  in¬ 
corporated  into  Lagrange’s  equations  through  the  use 
of  Lagrange  multipliers,  A: 


d  (  dL  \ 
dt  V  dq^  ) 


for  j  =  1,  •  •  • 


-  Ti  =  0. 

,n;  j  =  !,•••, 


(2) 


Figure  1:  Two  wheeled  planar  mobile  robot. 


of  we  can  completely  solve  for  the  robot’s 

motion  using  Eq.  (3).  Hence,  Eq.  (3)  describes  the 
relationship  between  the  robot’s  “internal”  motions 
and  its  net  movement. 


where  r  is  a  forcing  function. 

Example  Consider  the  two  wheeled  planar 

mobile  robot  shown  in  Fig.  1.  The  robot’s  posi¬ 
tion,  {x,y,9)  G  SE{2),  is  measured  via  a  frame  lo¬ 
cated  at  the  center  of  the  wheel  base.  The  wheels’ 
angles,  (0i,02)?  are  measured  relative  to  vertical. 
Each  wheel  is  assumed  to  rotate  independently  and 
without  slipping.  The  configuration  space  is  Q  = 
SE{2)  X  (5^  X  The  Lagrangian  for  this  problem 
is:  L  =  +  V^)  +  where 

m  is  the  mass  of  the  robot,  J  is  its  inertia,  and 
is  the  inertia  of  each  of  the  wheels.  The  constraints 
defining  the  no-slip  condition  can  be  written  as  in  Eq. 
(l).  However,  we  will  rearrange  the  constraints  into 
the  more  revealing  form: 


Example  #2:  The  Snakehoard  [20,  29]  is  a  variant  of 
the  skateboard  in  which  the  passive  wheel  assemblies 
can  pivot  freely  about  a  vertical  axis.  By  coupling 
a  twisting  of  the  human  torso  with  a  turning  of  the 
wheels,  a  rider  can  generate  a  snake-like  locomotion 
pattern  without  having  to  kick  off  the  ground.  A  sim¬ 
plified  model  that  captures  the  essential  behavior  is 
shown  in  Fig.  2.  It  consists  of  a  rigid  body  connect¬ 
ing  the  two  sets  of  wheels.  The  angle  of  the  wheel 
axles  can  be  independently  specified.  A  momentum 
wheel  rotates  about  a  vertical  axis  through  the  cen¬ 
ter  of  mass.  By  a  proper  choice  of  the  relative  fre¬ 
quency  and  phasing  of  the  main  rotor  rotation  with 
the  wheel  axles’  rotations,  the  snakeboard  can  move 
in  any  direction.  Fig.  3  shows  a  robotic  snakeboard 
prototype. 


cos^ 
sin  0 
0 


sin^ 

cos^ 

0 


X 

|(01  +  02) 

y 

0 

_e^ 

.^(^1  ”  ^2)_ 

(3) 


The  motion  in  the  group  variables,  {x,y,  0),  is  strictly 
a  function  of  the  motion  in  the  internal  shape  vari¬ 
ables,  (01,  02)?  since  there  are  three  independent 
kinematic  constraints  on  the  3-dimensional  set  of 
body  displacements.  If  we  assume  that  the  base  vari¬ 
ables  are  controllable,  then  given  the  time  evolution 


The  snakeboard’s  position  variables,  {x,y,0)  G 
SE{2),  are  determined  by  a  frame  affixed  to  its  center 
of  mass.  The  shape  variables  are  ('0,0&,0/),  and  so 
Q  =  GxM  =  SE{2)  xS^  xS^  xS^.  The  Lagrangian 
is 

L  =  lm{P  +  y^)  +  +0)^  /.n 

+  2’^W  ((06  +  +  (0/  + 

where  J  is  the  snakeboard  body  inertia,  Jr  is  the 
rotor  inertia,  Jw  is  the  inertia  of  the  wheels  about 
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of  as  a  map  Lg  :  G  G  given  by  =  gh^  and  is 

termed  a  left  translation.  The  left  translation  induces 
a  left  action  of  G  on  Q. 

Definition:  A  left  action  of  a  Lie  group  <j  on  a 
manifold  Q  is  a  map  ^  :  G  x  Q  Q  such  that: 
(1)  $(e,g)  =  q  for  all  g  €  and  e  the  identity 
element  of  G\  and  (2)  for 

every  g^h  e  G  and  q  G  Q.  The  left  action  can  be 
viewed  as  a  map  from  Q  into  Q,  with  the  element 
g  G  G  held  fixed.  Notationally,  :  Q  -¥  Q  is  given 
by  (s,r)  {^{g,s),r).  The  lifted  action.,  which  de¬ 

scribes  the  effect  of  on  velocity  vectors  in  TQ,  is 
Figure  3:  A  prototype  robotic  snakeboard  the  linear  map,  Dg^g  :  TgQ  TgQ. 


a  vertical  axis,  and  J  =  J  +  -f  2J^y.  Control 
torques  at  the  rotor  and  wheel  axles  are  assumed, 
so  r  =  (0, 0, 0,ri/,,rt,r/).  The  assumption  that  the 
wheels  do  not  slip  in  the  direction  of  the  wheel  axles 
determines  two  constraints  of  the  form  of  Eq.  (1): 

—  sin(0/  +  6)x  +  cos(^/  +  0)y  +  I  cos(0/)^  =  0 

—  sm[(f)i  4-  0)x  4  cos((^b  4  0)y  —  I  cos(0^)^  =  0. 

(5) 

There  are  not  enough  kinematic  constraints  to 
uniquely  define  the  Snakeboard’s  motion.  The  tech¬ 
nique  that  was  employed  in  Example  #1  to  use  the 
kinematic  constraints  to  solve  for  the  robot’s  motion 
as  a  function  of  shape  changes  is  therefore  no  longer 
viable.  The  snakeboard ’s  dynamics  must  come  into 
play.  To  determine  the  robot’s  dynamics,  engineers 
have  traditionally  been  relegated  to  substituting  the 
Lagrangian  and  the  constraints  into  Eq.  (2)  and  ex¬ 
plicitly  solving  for  the  Lagrange  multipliers.  There 
are  many  drawbacks  to  this  approach.  First,  the  sys¬ 
tem  is  equivalent  to  2n  +  k  first  order  differential 
equations — i.e.,  14  first  order  coupled  equations  in 
the  case  of  the  Snakeboard.  Second,  when  eliminat¬ 
ing  the  Lagrange  multipliers,  we  do  not  have  a  rela¬ 
tionship,  such  as  Eq.  (3),  which  readily  shows  the 
effect  of  shape  changes  on  robot  motion.  We  now 
present  an  alternate  approach  that  makes  use  of  the 
inherent  structure  found  in  problems  of  locomotion. 

4  The  Mechanics  of  Locomotion 

The  concept  of  conservation  of  linear  and  angular 
momentum  is  well  known.  We  revisit  the  basis  for 
this  theory  in  a  geometric  setting,  as  this  will  lead  to 
a  new  result  of  great  use  for  locomotion  analysis. 

If  the  robot’s  initial  body  fixed  frame  position  is  de¬ 
noted  by  h  (e.g.  /i  is  a  homogeneous  transformation 
matrix),  and  it  is  displaced  by  an  amount  y,  then  its 
final  position  is  gh.  This  displacement  can  be  thought 


Recall  the  division  of  the  configuration  space,  Q  = 
G  X  M.  Such  a  configuration  space  is  termed  a  trivial 
principal  fiber  bundle. 


Definition:  Let  M  be  a  manifold  and  G  a  Lie  group. 
A  trivial  principal  fiber  bundle  with  base  M  and 
structure  group  G  consists  of  the  manifold  Q  =  GxM 
together  with  the  free  left  action  of  G  on  Q  given  by 
left  translation:  $p(s, r)  =  (g^, r)  for  r  G  M  and 
g,s  G  G.  Given  a  point  (s,r)  G  G  x  M  =  Q,  we  de¬ 
fine  the  natural  projections  tti  :  Q  G  :  (s,r)  h->  5 
and  7C2  :  Q  M  :  [s^r)  r. 

We  say  that  Q  is  a  fiber  bundle  with  fibers  G  and  base 
space  M.  Q  is  “trivial”  because  the  product  structure 
is  global,  and  it  is  a  “principal”  bundle  because  the 
fiber  is  a  Lie  group.  The  additional  structure  aris¬ 
ing  from  the  Lie  group  component  (which  is  common 
to  all  locomotion  systems)  is  very  important  for  the 
ensuing  developments. 


Example  #2  (cont’d).  The  snake  board’s  configura¬ 
tion  space  is  Q  =  SE{2)  x  (5^  x  x  and  a 
configuration  is  denoted  q  =  (a?,2/,  i^/)-  The 

action  is  the  left  action  of  SE{2)  on  itself.  Given 
g  =  (^1,^2, a)  G  5E'(2),  the  action  and  lifted  action 
are: 


fx  cos  a  —  sin  a  4  ai  \ 
a?  sin  a  4  2/  cos  a  4  a2  | 

e  +  a 


\ 


■>!> 

<t>f  f 


(6) 


Dg^g[Vq)  — 


!  Vx  cos  a  —  sin  a  ^ 
Vx  sin  a  4  Vy  cos  a 
ve 

Vb 


(7) 


where  Vq  =  {vx,vy,ve,v^,,vi,,vf). 


Associated  with  a  Lie  group,  G,  is  its  Lie  algebra,  de¬ 
noted  g.  The  Lie  algebra  can  be  identified  with  T^G 
and  locally  generates  G  via  the  exponential  mapping, 
exp  :  0  -y  G  (see  [1]).  The  exponential  mapping  also 
associates  with  each  ^  G  0  a  vector  field  on  G,  and 
by  extension  on  Q  =  G  x  M,  called  the  infinitesimal 
generator^  given  by 


the.  environment.  Unfortunately,  conservation  laws 
may  not  be  preserved  in  the  presence  of  constraints. 
The  next  section  describes  a  recent  extension  to  the 
classical  theory  that  combines  symmetries  with  con¬ 
straints, 

4.2  Symmetries  and  Constraints 


^  ^(^(exp(s0>9))l»=o- 


Let  the  constraint  distribution  be  the  set  of  all  veloc¬ 
ities  that  satisfy  the  kinematic  constraints); 


Each  infinitesimal  generator  is  tangent  to  the  fiber, 
and  the  set  of  all  such  vectors  at  g  €  Q  forms  the 
vertical  subspace  of  T^Q, 

V,Q  =  mq)  G  T,Q\  (  G  0}.  (9) 

That  is,  a  vector  Vq  E  VqQ  represents  a  net  velocity 
of  the  body  with  respect  to  an  inertial  frame,  such 
that  Vq  =  (t;p,0)  with  Vg  E  TgG. 

Example  #2  (conVd)\  The  Lie  algebra  for  SE{2)  is 
denoted  5e(2),  and  the  relationship  between  an  ele¬ 
ment,  ^  =  (ai,a2,a)  E  se{2),  and  the  corresponding 
infinitesimal  generator  is 

=  (ai  -  2/Q;,a2  +  a;a,a,  0,0, 0),  ^  ^ 

The  vertical  subspace  is  given  trivially  by  TG  X  0: 

VqQ  =  G  ^  ^7r2(g) 

(11) 

4.1  Mechanics  with  Symmetries 

Conservation  laws  naturally  arise  when  a  Lagrangian 
remains  invariant  under  the  action  of  a  Lie  group,  as 
stated  in  Noether’s  theorem  [1]: 

Theorem:  Let  L{q^q)  be  a  Lagrangian  which  is 

invariant  under  the  action  of  a  Lie  group,  G,  (i.e., 
L{^g{q),Dq^gVq)  =  L{q,Vq)  Mg  E  G,  for  all  Vq^  E 
TqQ).  Then,  for  all  curves  c(t)  :  [a,  6]  Q  satisfying 
Lagrange’s  equations: 

|(f(c(.ft{«(c«)))=0  (12) 

for  all  ^  G  0.  Equivalently,  p  =  0,  where  p  =< 
>  is  the  generalized  momentum. 

The  invariance  of  the  Lagrangian  with  respect  to  a 
Lie  group  is  termed  a  symmetry.  When  G  is  S'E(2)  or 
SE{3),  Noether’s  theorem  is  equivalent  to  conserva¬ 
tion  of  linear  and  angular  momentum.  However,  un- 
dulatory  locomotion  relies  upon  an  interaction  with 


Vq  =  {Vq  G  TqQ  \  =0,  «  =  1,  .  .  .  ,  fe}.  (13) 

Let  S  denote  the  constrained  fiber  distribution^  which 
is  given  at  each  q  by  the  intersection  of  the  constraint 
distribution,  X>g,  with  the  vertical  subspace,  VqQ: 

Sq  =  VqnVqQ.  (14) 

If  the  constraints  act  vertically  (i.e.  S  is  nonempty), 
then  we  have  the  following  [3]: 

Proposition  #1:  Let  L  and  V  define  a  constrained 
system  on  Q  =  G  x  M  whose  Lagrangian  is  G- 
invariant.  If  c(t)  is  a  curve  which  satisfies  the 
Lagrange-d’Alembert  equations  (Eq.  2)  for  a  system 
with  nonholonomic  constraints  (Eq,  1),  then  the  fol¬ 
lowing  generalized  momentum  equation  holds  for  all 
vector  fields,  E  S: 


where 


(16) 


is  the  constrained^  or  nonholonomic^  momentum. 
The  generalized  momentum  equation  can  always 
be  factored  into  the  quadratic  form  [30]:  p  = 

|r^o-ff(r)r  -|-p^O'pr(r)r  -f  |p^crpp(r)p. 


Prop,  #1  states  that  in  the  presence  of  constraints, 
momentum-like  quantities  exist,  but  may  not  be  con¬ 
served,  Eq.  (15),  determines  how  these  momentum¬ 
like  quantities  evolve.  The  non- conservation  of  these 
momentum-like  quantities  is  the  key  to  dynamic  un- 
dulatory  locomotion  (and  many  other  forms  of  loco¬ 
motion),  It  describes  why  the  snakeboard  can  build 
up  momentum,  even  though  no  external  forces  act  on 
the  system. 


Example  #2  (conVd),  The  snakeboard  Lagrangian, 
Eq.  (4),  is  invariant  with  respect  to  an  SE{2)  group 
action.  The  wheel  constraints  of  Eq.  (5)  can  be  ex¬ 
pressed  as  a  constraint  distribution: 


Vq  —  span{a-^ — h  b 


d 


dx  dy 


+ 


d  d  d  d 
^69^  d(l)h^  d<j)f 


},  (17) 
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Figure  4:  The  snakeboard’s  instantaneous  center  of 
rotation 

where 

a  =  —l[cos(j)})COs{(l>f  +  ^)  +  cos  (l)f  cos(0&  +  ^)] 
b  =  —l[cos^hsm{(l)f  -\-0)  +  cos0/sin(^t  +  0)] 
c  =  sm{^h  “  ^/). 

(18) 

The  vertical  distribution  was  defined  in  Eq.  (11), 
and  the  constrained  fiber  distribution  is:  Sq  Vq  H 
VqQ  =  span{a^  +  +  ^w}'  corresponds  to 

instantaneous  rotations  of  the  snakeboard  about  the 
point  where  the  two  wheel  axes  intersect  (Fig.  4). 
The  nonholonomic  momentum  of  Eq.  (16)  is: 

p‘  =<|f;(DQ(9)> 

=  {mh?  +  jc)0  4-  +  JwC{^h  +  0/)? 

(19) 

R  is  the  radius  from  the  instantaneous  center  of  ro¬ 
tation  to  the  snakeb card’s  center  of  mass.  Thus, 
corresponds  to  the  snakeboard^s  angular  momentum 
about  the  instantaneous  center  of  rotation.  If  the 
front  and  back  wheels  were  fixed,  this  momentum 
would  be  conserved,  as  the  fixed  wheels  provide  a 
holonomic  constraint  of  rotation  about  the  fixed  cen¬ 
ter.  However,  since  the  constraints  are  variable,  the 
snakeboard’s  momentum  can  be  altered  by  internal 
forces. 

4,3  The  Connection  and  Locomotion 

We  now  introduce  a  key  concept  in  the  theory  of  prin¬ 
cipal  fiber  bundles  which  also  plays  an  important  role 
in  locomotion  analysis. 

Definition  1  A  connection  is  an  assignment  of  a 
horizontal  subspace,  HqQ  C  TqQ,  for  each  point 
q  £  Q  such  that  HqQ  depends  smoothly  on  q  and: 

(1) TqQ  =  VqQ^HqQ; 

(2)  Dq^gHqQ  =  Hg.qQ. 


Condition  (1)  implies  that  TqQ  can  everywhere  be 
divided  into  a  vertical  subspace,  VqQ,  and  a  comple¬ 
mentary  (but  not  necessarily  orthogonal)  subspace, 
HqQ,  which  is  termed  the  horizontal  space.  Connec¬ 
tions  are  useful  because  of  the  following  fact.  The 
horizontal  subspace  defined  by  the  connection  is  ev¬ 
erywhere  isomorphic  to  the  tangent  space  of  the  base: 
HqQ  ~  '^•K2{q)  M.  The  horizontal  lift  is  the  isomor¬ 
phism  which  maps  vectors  in  corre¬ 

sponding  lifted  vectors  in  HqQ  C  TqQ.  The  horizon¬ 
tal  lift  determines  the  relationship  between  motion  in 
the  base  space  (i.e.,  tangent  vectors  in  TT^^^q)M)  and 
motion  in  the  total  space,  Q,  where  locomotion  is  ef¬ 
fected.  We  will  choose  HqQ  to  encode  the  action  of 
the  constraints.  Hence,  the  connection  will  determine 
how  internal  shape  changes  create  net  robot  motion. 

A  connection  on  Q  is  alternatively  described  by  a 
Lie  algebra- valued  one-form  termed  the  connection 
form.  That  is,  the  connection  form  is  a  mapping 
A{q)  :  TqQ  Q,  where  Q  is  the  Lie  algebra  of  G. 
The  connection  form  has  the  properties 

(1)  A{q)  •  =  £  for  ^  e  0, 

(2)  A{^gq)  •  Dg^gq  =  AdgA{g)  ■  q. 

Condition  (1)  implies  that  A(g)  takes  infinitesimal 
generators  to  their  associated  Lie  algebra  elements. 
The  connection  form  vanishes  on  horizontal  vectors: 
A{q)q  =  0  for  all  q  €  HqQ.  Hence,  HqQ  can  alterna¬ 
tively  be  defined  as  the  set  of  tangent  vectors  upon 
which  the  connection  form  vanishes. 

For  the  case  of  mixed  constraints,  we  will  define  HqQ 

as  HqQ  =  {Vq  £  TqQ\  Vq  £  Vq  and  <<  Vq,Wq  >>  = 

0  "iwq  £l  «S},  where  <<  >>  is  the  inner  product 

with  respect  to  the  kinetic  energy  metric.  In  other 
words,  horizontal  vectors  satisfy  both  the  kinematic 
constraints  and  the  symmetry  constraints.  If  g  is  a 
horizontal  velocity  vector,  with  q  =  {g,  r),  then  it  can 
be  shown  that  the  connection  form  can  be  expressed 
as: 

g~'^g  =  -^(r)r  +  (20) 

where  A{r)  is  the  “local  form”  of  the  connection,  and 
I{r)  is  the  locked  inertia  tensor.  I{r)  describes  the 
total  inertia  of  the  system  when  all  joints  are  frozen 
at  configuration  r.  The  connection  plays  the  most 
central  role  in  the  mechanics  of  locomotion,  since  it 
determine  the  robot’s  motion  (note  that  g~^g  is  the 
velocity  of  the  robot’s  reference  frame)  as  the  combi¬ 
nation  of  built-up  momentum,  p  and  internal  shape 
changes,  r. 

In  summary,  we  have  reduced  the  system  of  n  sec¬ 
ond  order  ODE’s  with  k  first  order  constraints  (Eqs. 
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(1),  (2))  to  a  system  of  cr  =  dim{G)  first  order  con¬ 
straints  (the  connection  form),  a  -  k  first  order  gen¬ 
eralized  momentum  equations,  and  dim{M)  second 
order  equations  on  the  base  space  (termed  the  “re¬ 
duced”  dynamics): 


symmetries,  and  therefore  conserved  momenta.  In 
these  cases,  the  connection  and  generalized  momen¬ 
tum  equations  take  the  form: 

=4(0^ +  /-«<-  (2e) 


g-'^g  =-A{r)r  +  I{r)  ^p, 

p  =  5r^<7,v(r)r  +  p'^(Tpr{r)r  +  jp'^  crpp{r)p, 

M{r)r  =  -C{r,r)  +  iV(r,r,p)  -hr. 

(21) 

The  reduced  dynamics  are  not  important  for  under¬ 
standing  locomotion,  though  they  may  be  important 
in  the  synthesis  of  a  controller,  as  they  describe  the 
dynamics  of  the  mechanism’s  internal  shape  deforma¬ 
tions.  Thus,  the  equations  which  are  important  for 
understanding  locomotion  are  reduced  to  two  first  or¬ 
der  equations  that  make  explicit  how  shape  changes 
lead  to  robot  motion. 


Example  (concl):  The  snakeboard’s  connection  and 
generalized  momentum  equation  take  the  form  of  Eq. 
(21),  where: 

A(r)  = /"^(r)/(r)  (22) 


21  cos  1/15  cos  <l>f 
lsm{(j)b  +  <j>f) 
-sin(^(,  -  0/)_ 


(23) 


p'"  =  ^^(log  ((mJR^  +  J)c)  \(p‘'-f{r)r)+f{r)f, 

(24) 

where  W{r)  =  jsin^(i?i6  -  4>f)  -  + 

(pf)  -  4ml^  cos^  (pbcos^  4>f,  and  f{r)  =  sin((j)b  - 
4>f){Jr,Jw,Jw)-  This  approach  leads  to  a  very  con¬ 
cise  formulation  of  the  important  dynamical  relation- 
ships  that  govern  the  snakeboard’s  movement. 


We  now  briefly  consider  special  cases  of  these  equa¬ 
tions  in  order  to  show  that  Eq.  (21)  includes  many 
previously  studied  problems  as  a  special  case. 


Kinematic  Constraints.  With  a  sufficient  number 
of  kinematic  constraints,  the  group  symmetries  are 
annihilated,  and  the  system’s  motion  is  fully  deter¬ 
mined  by  the  constraints.  In  this  principal  kinematic 
case,  the  connection  takes  the  form: 


g  ''■g  =  A{r)r.  (25) 


which  we  term  a  kinematic  connection.  Many 
wheeled  vehicles,  such  as  Example  #1,  fall  into  this 
category,  and  have  been  extensively  studied  in  the 
literature  on  nonholonomic  systems. 

Symmetry  Constraints.  There  are  no  kinematic 
constraints  in  the  cases  of  falling  cats  or  platform 
divers.  Yet,  these  systems  have  inherent  Lagrangian 


fi  is  the  generalized  momenta,  and  is  constant.  If 
/X  =  0,  these  equations  take  the  form  of  Eq.  (25). 

5  Controllability 

A  locomotion  mechanism  is  controllable  if  given  any 
initial  configuration  qi  and  final  configuration  g/, 
there  exists  an  admissible  control  law  which  drives 
the  system  from  qi  to  qf.  Controllability  is  an  impor¬ 
tant  issue  for  several  reasons.  First,  when  designing 
a  locomoting  robot,  we  would  like  to  know  if  it  can 
reach  all  possible  positions  in  its  environment.  Sec¬ 
ond,  Section  6  will  briefly  discuss  the  relationship  be¬ 
tween  “gaits”  and  certain  controllability  calculations. 
Surprisingly,  controllability  can  be  determined  via  the 
connection  and  the  generalized  momentum  equation. 
This  result  further  illustrates  the  usefulness  of  these 
equations  as  tools  for  locomotion  analysis. 

To  express  the  system  of  equations  in  the  standard 

control  form  of  i  =  f{z)  hi{z)ui  -I - +  hm{z)um, 

we  must  dynamically  extend  the  control  inputs  by  re¬ 
defining  them  as  higher  derivatives  of  the  input  vari¬ 
ables.  Equivalently,  the  accelerations  are  the  control 
inputs.  Letting  v  =  ii,  and  using  z  =  (g,p,r,r),  the 
connection  and  generalized  momentum  equations  can 
be  put  in  the  standard  control  form  with: 

g{-Ar  +  I{r)-'^p) 

^r'^CTri-r  +p'^crpi-r  -I-  ^p'^crppP 
r 
0 

hiiz)  =  [0  0  0  eff  (28) 

where  is  the  m- vector  (m  =  dimikf)  with  a  “1”  in 
the  row  and  “0”  otherwise. 

There  are  two  commonly  used  notions  of  control — 
accessibility  and  controllability  (see  [14]  for  descrip¬ 
tions  of  these  concepts).  For  nonlinear  systems, 
small-time  local  controllability  is  the  closest  that  we 
can  come  to  our  intuitive  notion  of  controllability. 
Accessibility  is  determined  by  computing  the  acces¬ 
sibility  distribution.  Let  Aq  =  span{f,  /ii, . . . ,  hm}^ 
and  iteratively  define  the  distributions 

Afc  =  Afc-i  +  span{[X,Y]\X,Y  G  Afc_i}.  (29) 

This  nondecreasing  sequence  of  distributions  termi¬ 
nates  at  some  k{  under  certain  regularity  conditions. 
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Figure  5:  Center  of  mass  position  (drive  gait) 

Afcj  is  the  accessibility  distribution,  A  system  is  ac¬ 
cessible  if  dim  =  dim  TzN  for  all  z  G  iV.  It  can  be 
shown  [30]  that  the  system  in  Eq,  (27)  is  small-time 
locally  controllable  from  equilibrium  points  if:  (1)  the 
accessibility  distribution  is  full  rank;  and  (2)  (7,^  is 
an  onto  map;  and  (3)  {cTrr)ii  =  0  for  i  =  1, . . . ,  m. 

While  these  controllability  results  are  useful  for  the 
analysis  of  locomotion  systems,  the  next  section 
shows  that  there  is  a  more  fundamental  reason  to 
undertake  this  controllability  analysis. 

6  Geometric  Phases  and  Gaits 

The  snakeboard  moves  by  coupling  periodic  motions 
of  the  rotor  and  wheel  axles.  For  example,  Fig.  5 
shows  the  position  of  the  snakeboard’s  center  of  mass 
versus  time  for  the  case  in  which  the  rotor  and  wheel 
axles  oscillate  with  the  same  frequency  (which  we 
term  the  “drive  gait”),  the  case  in  which  the  axles 
oscillate  at  twice  the  frequency  of  the  rotor  (the  “ro¬ 
tate  gait,”  as  the  robot  essentially  rotates  in  place), 
and  the  case  in  which  the  axles  oscillates  three  times 
for  every  two  oscillations  of  the  rotor  (the  “parallel 
parking  gait”).  Intuitively,  a  gait  is  a  cyclic  pattern 
of  internal  shape  changes  that  results  in  a  net  robot 
displacement.  Different  gaits  correspond  to  differ¬ 
ent  cyclic  input  patterns.  In  the  principal  kinematic 
case,  the  net  displacement  of  the  mechanism  that 
arises  from  periodic  inputs  is  the  geometric  jphase^ 
or  holonomy,  associated  with  the  connection.  In  the 
mixed  case,  the  net  displacement  is  a  combination  of 
the  geometric  phase  and  the  dynamic  phase. 

We  do  not  yet  have  a  complete  geometric  understand¬ 
ing  of  the  notion  of  gaits.  However,  we  have  found 
that  different  gaits  can  be  associated  with  the  brack¬ 
ets  that  are  computed  for  the  controllability  test  in 
Section  5.  For  the  snakeboard,  let  — 

the  bracket  between  the  control  vector  field  associ¬ 
ated  with  the  turning  of  the  wheel  axles  and  the  drift 
vector  field.  Similarly,  let  a,/,  =  [h^^f].  These  two 
brackets  loosely  correspond  to  an  integration  of  the 
control  torques  to  produce  velocity  controls.  For  the 


Figure  6:  Center  of  mass  position  (rotate  gait) 


Figure  7:  Position  of  the  center  of  mass  for  the  “par¬ 
allel  parking  gait” 

drive  gait,  which  employs  a  1-to-l  frequency  ratio  of 
rotor  and  axle  oscillations,  the  bracket  [a^,a^]  has 
non-zero  terms  only  in  the  x  component,  which  cor¬ 
responds  to  forward  motion  of  the  vehicle.  Similarly, 
the  rotate  gait  employs  a  2-to-l  frequency  ratio  of 
the  axle  and  rotor  oscillations.  The  two-level  bracket 
[Q:^,a^]],  where  appears  two  times,  has  non¬ 
zero  terms  only  in  the  0  direction,  and  thus  corre¬ 
sponds  to  the  rotation  gait.  Thus,  the  controllability 
analysis  of  Section  5  has  been  useful  in  identifying 
candidate  gaits, 

7  The  Kinematic  Snake  Model 

To  demonstrate  the  utility  of  this  approach,  let’s 
consider  a  “snake-like”  system  which  is  modeled  af¬ 
ter  Hirose’s  Active  Cord  Mechanism  (ACM-III)  [12]. 
Fig.  8  shows  a  schematic  of  three  segments  of  the 
mechanism.  Each  segment  is  connected  to  adja¬ 
cent  segments  through  an  actively  controlled  revo¬ 
lute  joint.  The  axles  of  the  passive  wheel  assem¬ 
blies  can  be  rotated  about  a  vertical  axis.  Let’s  first 
consider  a  mechanism  comprised  of  two  segments. 
There  are  two  wheel  constraints  which  constrain  the 
3-dimensional  Lie  group  of  robot  motion.  The  kine¬ 
matic  constraints  do  not  fully  specify  the  system’s 
motion  in  SE{2),  This  is  a  system  with  mixed  con¬ 
straints,  where  the  third  constraint  is  based  on  a  gen¬ 
eralized  momentum. 

With  three  segments,  there  are  the  same  number  of 
constraints  as  there  are  dimensions  of  SE{2)^  and  so 
the  kinematic  constraints  define  di.  principal  kinematic 
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with 


Figure  8:  A  model  for  the  kinematic  snake 

connection.  In  the  case  of  additional  body  segments, 
the  first  three  segments  define  the  robot’s  motion  in 
SE{2),  and  the  wheel  constraints  of  the  additional 
segments  are  used  as  governing  equations  for  the  mo¬ 
tion  of  these  segments.  This  system  will  have  a  “fol¬ 
lowing”  behavior,  in  which  the  lead  segments  define 
the  path  to  be  traced,  and  the  additional  segments 
follow  this  lead.  In  real  snakes,  additional  segments 
can  provide  greater  stability  or  can  be  used  for  more 
complicated  maneuvers,  such  as  crossing  over  gaps. 

For  the  three  segment  device  in  Fig.  8,  let  (x^y^O)  G 
SE{2)  denote  the  center  of  the  middle  segment,  while 
the  wheel  angles  of  segments  1,  2,  and  3  are  denoted 
X  X  S^.  The  relative  orientation 
of  segment  1  with  respect  to  segment  2,  and  segment 
2  with  respect  to  segment  3,  is  denoted  by  ^ 

S^xS^.  Each  no-slip  wheel  constraint  takes  the  form: 

(-sin0i,cos0i)  •  =0,  (30) 

L  J 

where  is  the  absolute  angle  of  the  wheel,  and 
{xi^yi)  is  the  Cartesian  positioning  of  the  center  of 
rotation  for  the  wheel.  The  kinematic  constraint 
equations  can  be  expressed  in  the  form: 

W{T)TgL,-^g^Tir)r.  (31) 

Since  the  constraints  are  G-invariant,  the  kernel 
of  these  constraints  defines  a  connection  on  Q  = 
SE{2)  X  5^  X  X  X  X  S^.  We  can  invert 
the  constraint  equations  directly  to  write  the  local 
form  of  the  connection  one-form  as 

^  =  g~^9  =  -A{r)r,  (32) 

where  ^  £  Q  and: 

=  7^^|o^[^iCos(/ii(cos((|I>3 -V’3)  +  COS03) 

+1p3  COS  (j>z  (cOs(^l  +  l/li )  +  cos  <^1 )  ] 

tan  <f>2 

=  MW  [^1  '^1  sm{<t>3  +  V’3  -  ^2) 

-V>3  cos ^3  sin((^i  -iii-h)], 

(33) 


det  W  =  /[sin((}^i  --  -  ^2)(cos(<^3  +  V's) 

4-  cos  03 )  +  sin(03  4  03  “  02 )  (34) 

(cos(0i  -  0i)  4  COS0i)]. 

Suppose  that  we  add  a  fourth  segment.  Let  04  and 
04  denote  the  angles  of  the  wheels  and  the  body  seg¬ 
ment,  respectively.  Letting  04  =  04  4  03  4  04  4  0, 
the  no-slip  kinematic  wheel  constraint  is: 

—  sin  04  f  4  cos  04  2/““  /(cos(04  4  03  4  04) 

42  cos(04  4  04)  4  cos  04)^ 

—  ^(2  cos(04  4  04)  4  cos  04)03  =  I  cos  04  04- 

(35) 

We  have  added  two  degrees  of  freedom  (04  and  04) 
and  one  kinematic  constraint  (Eq.  (35)).  Both  04 
and  04  are  controlled,  but  we  must  also  satisfy  the 
constraint.  This  is  done  by  choosing  to  control  the 
wheel  angle,  while  inverting  Eq.  (35)  to  establish  a 
governing  equation  for  04: 

—  (cos  04  4  2cOs(04  4  04)  4  COS  04) 
-(2cOs(04  4  04)  4  cos  04)03^, 

where  01  =  04403  404,  he.,  04|^^g  =  ^Ae=o' 
that  04  depends  upon  a  term  with  cos  04  in  the  de¬ 
nominator.  We  assume  that  the  wheels  cannot  pivot 
to  an  angle  of  ±f  )•  Repeating  this  process,  we  can 
add  additional  segments  so  as  to  guarantee  that  each 
following  seginent  satisfies  all  of  the  constraints.  It  is 
always  possible  to  arrange  the  additional  constraint 
equations  in  the  form: 

04 

B(04,...,0fc)  ; 

,0fc  J 

where  k  is  the  total  number  of  body  segments.  The 
matrix  B  is  lower  triangular,  with  determinant 

k 

det (5)  =  JJ  ^  cos  <j)jy 

i=4 

and  is  always  invertible. 

7.1  Locomotive  Gaits 

We  now  consider  the  undulatory  gait  employed  by 
many  snakes.  Hirose  described  this  gait  as  being 
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'V 

A/X/' 

Figure  9:  A  trace  of  the  serpentine  mode 


closest  to  a  “serpenoid”  curve,  and  we  show  below 
that  one  of  the  gaits  generated  by  our  approach  is 
strikingly  similar  to  the  serpenoid  curve.  We  also 
present  two  other  gaits  not  normally  seen  in  nature, 
but  which  arise  for  the  particular  model  we  are  using. 
Like  the  snakeboard,  the  gaits  are  based  on  integrally 
related  frequencies  of  the  shape  inputs.  The  ratios 
relate  the  frequency  of  bending  of  the  inter-segment 
angle,  with  the  frequency  of  the  wheel  rotations, 
4^i- 

The  ^‘serpentine”  gait:  Forward  motion  can  be 
created  by  using  a  1:1  frequency  ratio.  For  this,  we 
use  periodic  control  inputs  of  the  form: 

<l>i=afsm{ujft+pf),  (36) 

where  similar  values  for  'ipi  will  be  superscripted  with 
a  The  serpentine  gait  can  be  demonstrated  using 
the  values 


af  =  at  =  0.2  =  -4, 


af  =  =  0.6, 

(jtjf  =  U)f  =  1, 


(37) 


=  1, 

where  the  length  from  the  wheel  base  to  inter¬ 
segment  pivot  point  is  0.1m  (hence  a  segment  has 
length  0.2m).  For  the  phasing,  we  use  a  traveling 
wave  down  the  length  of  the  snake  (by  incrementing 
the  phase  of  the  wheels  at  each  segment),  while  forc¬ 
ing  the  inter-segment  angle,  '0^,  to  move  90°  out  of 
phase  with  their  corresponding  wheels.  Thus,  for  the 
simulation  shown  in  Fig.  9,  the  phases  are  given  by 


~  _JL 
Pi—  16 » 
—  IJL 
Pi  —  16  ^ 


4> 

pI 


0, 


_  JL 

P3  —  16’ 
P3  -  16- 


(38) 


Each  of  the  wheel  angles  differs  by  while  the  joint 
angles  are  ~  out  of  phase  with  their  respective  wheel 
angles.  A  trace  of  the  motion  appears  in  Fig.  9. 


By  varying  the  magnitudes  of  the  wheel  angles  (or 
the  inter-segment  joint  angles),  slightly  different  pat¬ 
terns  of  locomotion  are  found  to  occur.  Fig.  10 


Figure  10:  Three  different  serpentine  gait  shapes 
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Figure  11:  A  comparison  of  the  kinematic  snake 
model  versus  the  serpenoid  curve 


shows  the  resultant  gaits  for  three  different  values  of 
af  =4  =  ,  Each  of  these  simulated  gaits  is  run 

for  the  same  length  of  time,  which  indicates  that  cer¬ 
tain  parameter  values  will  result  in  a  greater  distance 
being  traveled. 

Let  us  compare  this  motion  with  the  serpenoid  curve 
proposed  by  Hirose  [11].  The  serpenoid  curve  has  the 
parameterization : 

X  =  cos  (a  sin  (/3s))  ,  . 

y  = -sm{asin{^s)) .  ^  ^ 

The  parameters  a  and  /3  can  be  chosen  such  that 
the  serpenoid  curve  will  closely  match  any  of  the  ser¬ 
pentine  patterns  generated  using  the  1:1  gait.  An 
example  is  shown  in  Fig.  11,  with  a  =  0.85  and 
^  ^  -  4.52rad. 

The  serpentine  gait  seems  to  work  well  when  ad¬ 
ditional  segments  are  added  using  the  methods  de¬ 
scribed  in  above.  Fig.  12  shows  the  trace  of  a  5- 
segment  snake  robot  model. 

The  “rotate”  gait:  There  are  at  least  two  gaits  that 
lead  to  a  net  rotation.  The  first  gait  is  reminiscent  of 
a  “three-point  turn.”  For  the  gait  shown  in  Fig.  13, 
the  frequency  ratio  is  2:1,  with  the  parameters  used 
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Figure  12:  Traces  of  the  5-link  kinematic  snake 
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Figure  13:  A  trace  of  the  2:1  gait 


being  the  same  as  above,  except  that  ujf  —  —  2 

and  all  joint  magnitudes,  a^, . . .  ,a2  are  0.4  and  0.5, 
respectively.  The  1:2  rotate  gait,  with  the  param¬ 
eters  =  I  and  is  shown  in  Fig.  14, 

which  plots  the  variation  of  6  with  respect  to  time. 
The  {x^y)  position  of  this  segment  moves  only  very 
insignificantly  during  this  gait. 

8  Extension  of  the  Approach 

Preliminary  work  has  shown  that  many  of  the  basic 
concepts  presented  in  this  paper  can  be  extended  to 


a  large  class  of  locomotory  systems,  since  virtually 
all  forms  of  locomotion  use  some  type  of  constraint 
to  generate  propulsive  forces.  There  are  two  basic 
efforts  required  to  extend  this  theory  to  other  classes 
of  locomotors.  First,  not  all  constraints  that  arise 
in  different  locomotion  systems  will  take  the  form  of 
Eq.  (1).  Hence,  the  derivations  that  lead  to  Proposi¬ 
tion  #1  must  be  reworked  for  different  types  of  con¬ 
straints.  Similarly,  the  form  of  the  connection  will 
also  be  modified.  Second,  the  theory  must  be  ex¬ 
tended  to  handle  the  intermittent  constraints  that 
arise  in  legged  locomotion.  This  extension  is  con¬ 
sidered  in  more  detail  in  Refs.  [10,  ?].  During  the 
motion  of  a  legged  robot,  a  leg  will  repeatedly  make 
and  break  contact  with  the  supporting  terrain.  This 
nonsmooth  interaction  with  the  environment  can  be 
modeled  as  a  system  that  evolves  on  a  configuration 
manifold,  Q,  with  a  boundary,  dQ.  The  boundary 
corresponds  to  those  states  where  the  leg  contacts 
the  terrain.  There  will  be  two  sets  of  dynamical 
equations,  and  hence  two  connections.  One  set  will 
describe  the  system  when  it  is  in  contact  with  the  ter¬ 
rain,  while  one  will  describe  the  system  when  the  leg 
is  not  in  contact.  While  our  dynamics  methodology 
extends  easily  to  this  case,  the  issue  of  controllability 
becomes  more  complex.  We  have  recently  developed 
a  controllability  test  for  driftless  systems  on  a  man¬ 
ifold  with  boundary.  Omitting  a  few  technicalities, 
it  can  be  shown  that  if  Aq  is  the  involutive  closure 
of  the  accessibility  distribution  of  the  control  system 
operating  in  Q,  and  if  Aqq  is  the  involutive  closure 
of  the  accessibility  distribution  of  the  control  system 
operating  in  dQ,  then  the  system  is  locally  control- 
lable  if  AQ(g)  +^(g)  =  TqQ  for  all  q  £  U,  where 
17  is  a  neighborhood  of  g  €  dQ.  In  general,  a  legged 
mechanism  will  have  more  than  one  leg.  The  config¬ 
uration  space  of  such  a  system  will  be  a  stratified  set. 
For  multi-legged  robots,  the  individual  strata  physi¬ 
cally  correspond  to  states  in  which  different  numbers 
of  legs  are  in  contact  with  the  ground.  This  is  the 
generalization  of  the  problem  of  control  on  a  mani¬ 
fold  with  boundary. 

9  Discussion  and  Conclusions 

Undulatory  locomotors  have  no  thrusters,  tracks,  or 
legs  to  generate  motion.  Instead,  motion  is  generated 
by  a  coupling  of  internal  shape  changes  to  external 
constraints.  This  paper  focused  on  a  class  of  systems 
with  nonholonomic  kinematic  constraints,  which  in¬ 
cludes  not  only  the  snakeboard  and  Hirose’s  ACM, 
but  also  any  undulatory  robotic  system  that  uses 
wheels  to  provide  motion  constraints.  Also,  many 
of  the  snake  and  worm-like  systems  discussed  in  [7] 
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can  be  analyzed  using  these  techniques.  A  key  obser¬ 
vation  is  that  the  constraints  inherent  in  undulatory 
systems  provide  the  means  to  determine  motion  as  a 
function  of  internal  shape  change.  When  kinematic 
constraints  do  not  uniquely  determine  a  robot’s  mo¬ 
tion,  dynamic  symmetries  provide  the  additional  con¬ 
straints.  We  used  the  formal  language  of  connections 
on  principle  bundles  because  the  connection  encom¬ 
passes  much  of  the  information  which  is  essential  to 
locomotion.  Using  these  tools,  we  can  parameterize 
the  dynamics  in  terms  of  physically  meaningful  vari¬ 
ables  of  momenta,  internal  shape,  and  robot  reference 
frame  motion.  The  connection  also  leads  directly  to 
the  analysis  of  locomotor  controllability.  We  believe 
that  this  framework  will  ultimately  form  the  basis  of 
a  unifying  theory  for  robotic  locomotion. 
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CHAPTER  10:  SOME  ANALYTICAL 
AND  SIMULATION  RESULTS 


Mine  Warfare  is  supported  by  distributed  modeling  and  simulation  techniques.  Such 
simulations  underlie  much  of  what  is  called  C4I  -  Command,  Control,  Communications,  Computers 
and  Intelligence.  These  simulations  and  analyses  provide  meaning  to  the  data  that  comes  from 
sensors  from  spatially  distributed  platforms. 

Professor  Barr,  of  the  U.S.  Military  Academy,  described  a  Cadet-prepared  simulation  of 
minefield  penetration  and  its  application  to  compare  the  effectiveness  of  Intelligent  Wide  Area  Mines 
(IWAMs)  with  other  standard  types  of  landmines.  Dr.  Frank  Herr  of  the  Office  of  Naval  Research, 
who  was  also  Session  Chair,  presented  a  summary  of  his  ONR  team’s  research  with  remote  sensors 
for  use  in  coastal  and  inshore  operations.  Dr.  Nicholas  Chotiros  presented  his  research  findings  on 
the  effectiveness  and  limitations  of  acoustic  imaging  —  detection  and  classification  —  of  buried 
targets.  Professor  Rex  Buddenberg  of  the  Naval  Postgraduate  School  presented  a  synopsis  of 
research  with  clear  C4I  applications,  demonstrating  the  rapid  delivery  of  photographic  images  of 
mine-like  objects  taken  from  an  MH-53  acoustic  search  directly  to  the  on-scene  customer,  thus 
eliminating  the  high  bandwidth  transmission  of  a  complete  video  of  the  entire  search  track.  Finally, 
John  Benedict  Jr.  of  Johns  Hopkins  University’s  Applied  Physics  Laboratory  presented  an  analytical 
paper  filled  with  data-rich  operational  insights  on  the  effectiveness  of  countermeasures  against 
standard  marine  bottom  mines  and  expected  new  ones.  He  also  covered  the  effectiveness  of  different 
modes  of  minefield  reconnaissance  and  marking.  Mr.  Benedict’s  excellent  summary  overview, 
“Pervasive  Technical  Issues  Related  to  Organic  Mine  Countermeasures,”  appears  in  Chapter  7. 

The  papers  in  this  Chapter  are  but  samples  of  a  major,  ongoing  effort  in  Mine  Warfare 
modeling,  simulation  and  analysis. 
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EVALUATION  OF  INTELLIGENT  MINEFIELDS 

John  A.  Marin 
and 

Donald  R.  Barr 

Department  of  Systems  Engineering 
West  Point,  NY  10996 


Abstract 

The  mission  of  the  Wide  Area  Munition  (WAM)  is  to  increase  the  effectiveness  of  minefields, 
slow  clearing  operations  by  attacking  enemy  vehicles,  and  disrupt  enemy  formations  and 
command  and  control  forward  of  most  direct  fire  systems.  The  intelligent  minefield  integrates 
new  mine  systems  into  an  optimized,  logistically  efficient,  autonomous  anti-armor  barrier  by 
allowing  WAMs  to  communicate  and  provide  real-time  tracking  of  potential  targets.  The  purpose 
of  this  work  was  to  design  a  system  that  enables  a  user  to  evaluate  different  characteristics  of  an 
intelligent  minefield,  such  as  effective  detection  range,  effective  communication  range,  and  the 
probability  of  hit  for  a  WAM.  Other  characteristics  that  could  be  evaluated  include  the  change  in 
information  provided  by  minefield  sensors  (measured  using  a  decrease  in  entropy),  delay  time 
caused  by  a  particular  minefield,  the  effectiveness  of  a  particular  minefield  pattern,  and  the 
cost-effectiveness  of  a  given  minefield.  The  evaluation  system  is  written  in  Visual  Basic  and 
operates  on  a  PC.  The  user  is  given  full  control  of  the  program,  to  include  designing  a  minefield 
pattern  by  placing  mines  on  the  screen  through  the  use  of  a  mouse  and  associated  icons.  The 
evaluation  program  simulates  vehicles  entering  the  minefield  from  different  locations,  allows  for 
numerous  runs,  and  calculates  appropriate  statistics  including  confidence  intervals. 


Key  Words:  minefield,  mines,  munitions,  simulation.  Visual  Basic,  anti-armor,  entropy,  graphical 

user  interface,  sensors,  effectiveness. 
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Introduction 

The  purpose  of  a  minefield  is  to  provide  counter-mobility  against  the  enemy  by  fixing, 
turning,  killing,  or  delaying  the  enemy.  Land  minefields,  the  focus  of  this  paper,  can  be  composed 
of  pressure  detonated  “conventional”  mines  (CMs),  Wide  Area  Munitions  (WAMs),  Intelligent 
Munitions  (IWAMs)  or  Field  Artillery  Scatterable  Mines  (FASCAMs),  The  WAM  is  an 
autonomous  system  that  employs  acoustic  and  seismic  sensors  to  track  vehicles  and  launches  a 
top-attack  sub-munition  to  defeat  enemy  armored  vehicles.  Proposed  uses  of  the  WAM  include 
increasing  the  effectiveness  of  minefields,  slowing  clearing  operations  by  attacking  enemy 
breaching  vehicles,  and  disrupting  enemy  formations  and  command  and  control  forward  of  most 
direct  fire  systems  [].  The  intelligent  minefield  integrates  new  mine  systems,  such  as  WAMs,  into 
an  organized,  logistically  efficient,  autonomous  anti-armor  barrier  by  allowing  WAMs  to 
communicate  and  provide  real-time  tracking  of  potential  targets  []. 

We  consider  the  problem  of  determining  optimal,  or  at  least  good,  deployment  patterns 
for  minefields  designed  to  achieve  delay  of  enemy  armored  units.  Deployment  includes  numbers 
of  mines,  mixes  of  mine  types  and  patterns  of  lay-down  of  the  mines.  It  seemed  apparent 
simulation  would  provide  an  appropriate  means  of  examining  this  problem.  However,  existing 
combat  simulations  we  evaluated  proved  unsuitable  for  evaluating  intelligent  minefields.  For 
example,  the  Janus  Combat  model,  version  5.X,  only  models  mines  as  pressure  detonated  devices 
and  does  not  permit  mines  to  communicate  [].  Likewise  the  Modular  Semi-Automated  Forces 
(ModSAF)  model  only  allows  the  user  to  change  parameters  such  as  ammunition,  fuse,  surface, 
emplacement,  and  pattern  [],  but  ModSAF  does  not  currently  model  an  intelligent  minefield. 

Thus  in  order  to  assess  a  range  of  intelligent  minefield  deployments,  we  constructed  a  high 
resolution,  interactive,  stochastically  based  simulation  to  facilitate  evaluation  of  minefields 
composed  of  combinations  of  the  four  previously  described  types  of  mines.  The  simulation, 
written  in  Visual  Basic,  was  designed  as  part  of  an  undergraduate  capstone  engineering  course  in 
the  Systems  Engineering  Department  at  the  U  S.  Military  Academy.  This  simulation  was  jointly 
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developed  by  the  authors  and  a  team  of  cadets  and  it  was  applied  in  the  course  to  measure  the 
performance  of  several  minefield  designs,  including  variations  of  mixes  of  types  of  mines,  and 
placement  patterns  of  mines. 

Background 

Definition  of  Terms 

Conventional  mines  -  Pressure  detonated  mines  that  exhibit  no  tracking  or  communication 
capabilities. 

Wide  Area  Munition  (WAM)  -  Autonomous  munition  that  detects,  classifies,  tracks,  and 
launches  a  top-attack  sub-munition. 

Intelligent  Wide  Area  Munition  (IWAM)  -  IWAMs  have  the  capability  to  communicate  with 
other  IWAMs  and  to  transmit  information  to  a  tactical  Operations  Center  (TOC)  via  “gateway” 
devices.  A  communicating  pair  of  IWAMs  has  an  increased  probability  of  hit  (over  an 
autonomous  WAM)  in  the  intersection  of  the  pair’s  lethality  coverage  areas.  Field  Artillery 
Scatterable  Mines  (FASCAM)  -  Pressure  detonated  mines  delivered  by  Field  Artillery  systems. 

Paths  -  Routes  taken  by  enemy  vehicles  through  the  minefield.  We  currently  assume  the  paths 
are  straight  lines. 

Lethality  Function  -  Bivariate  function  whose  values  represent  the  probability  an  attacked 
target  will  be  hit.  We  consider  combinations  of  two  lethality  models:  the  “cookie-cutter”  model 
and  the  “Carlton”  function.  The  cookie-cutter  function  is  a  constant  within  a  given  region 
(usually  a  circle  centered  on  the  engaging  mine)  and  is  zero  outside  that  region.  The  Carlton 
function  is  a  scaled  bivariate  normal  density  function  within  a  given  circle  about  the  engaging 
mine,  and  is  zero  outside  that  circle  []. 

Overview  of  the  Model 

The  simulation  generates  random  paths  through  a  user  defined  minefield  configuration.  Each 
path  represents  the  trajectory  of  a  predetermined  number  of  enemy  armored  vehicles  (“tanks”) 
through  the  minefield  area,  traveling  generally  from  west  to  east.  For  each  path,  the  order  in 
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which  the  mines  would  engage  members  of  the  enemy  platoon  is  calculated.  Monte  Carlo 
routines,  described  below,  assess  the  outcome  of  each  engagement,  and  data  supporting 
calculation  of  several  measures  of  effectiveness  (MOE)  are  stored.  The  general  layout  of  this 


Figure  1.  Open  circles  depict  conventional  mines,  solid  disks  represent  WAMs, 
and  starred  discs  represent  IWAMs.  The  shaded  region  is  where  IWAMs  have 
enhanced  hit  probability. 

Model  Assumptions 

While  some  Intelligent  Minefield  concepts  separate  sensors  from  mines  [2],  for  the  initial 
implementation  of  this  simulation  it  was  assumed  sensors  and  mines  are  collocated  on  the 
same  platform.  Future  versions  of  the  simulation  will  separate  the  sensor  and  mine  functions. 
Tanks  move  in  a  wedge  formation  with  a  pre-determined  width.  The  initial  setting  for  tank 
width  is  1 0  meters,  however,  the  simulation  may  be  modified  to  use  any  desired  tank  width. 
This  parameter  is  relevant  in  that  it  relates  to  the  “lethal  radius”  of  conventional  mines. 

Tanks  will  continue  to  move  in  a  wedge  formation  until  a  predetermined  number  of  mines  or 
munitions  have  been  exploded.  Once  this  threshold  is  exceeded,  it  is  assumed  the  remaining 
tanks  in  the  platoon  leave  the  minefield  by  retracing  their  entry  path. 

The  probability  of  hit  of  a  tank  in  the  attacking  platoon  is  determined  as  follows: 

Conventional  Mines  -  the  “lethal  radius”  (distance  within  which  the  mine  will  attack  a  tank 
within  the  platoon)  is  a  user  specified  number  of  “tank  widths”  (i.e  the  number  of  tanks  in 
a  platoon),  and  the  probability  of  hit  within  this  circle  is  assumed  to  be  unity. 
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WAMs  -  there  are  two  circles,  one  of  radius  rt  representing  the  region  in  which  the  WAM 
can  sense  and  track  potential  targets,  and  one  of  radius  rl  <  rt  representing  its  lethal 
radius.  Within  the  circle  of  lethal  radius,  a  WAM  is  assumed  to  have  hit  probability 
determined  by  a  Carlton  lethality  circle  [5],  The  Carlton  lethality  function  requires  the  user 


WAM  or  IWAM. 


IWAMs  -  the  model  for  WAMs  is  modified  so  there  is  constant  probability  of  hit  within  the 
intersection  of  the  lethal  circles  of  communicating  IWAM  pairs.  If  a  path  intersects  such  a 
region,  it  is  assumed  a  tank  of  the  platoon  is  attacked  within  the  region,  i.e.,  the  IWAMs  are 
intelligent  enough  to  determine  whether  a  path  intersects  the  overlap  region,  and  if  so,  to 
arbitrate  the  attack  so  as  to  take  advantage  of  the  improved  tracking  accuracy  within  the 
overlap  region.  If  an  IWAM  is  not  communicating  with  another  IWAM  tracking  the  same 
target,  it  has  the  lethality  characteristics  of  a  WAM.  ' 

FASCAM  -  for  individual  munitions  the  model  for  conventional  mines  is  used.  The  model 
plays  ballistic  distribution  of  the  FASCAM  artillery  rounds,  and  assumes  a  bivariate  normal 
distribution  of  munitions  carried  by  each  FASCAM  round. 

WAM  and  IWAM  munitions  only  fire  at  the  closest  distance  between  the  approaching  tank 
platoon  and  the  munition. 

Intelligent  Minefield  Simulation  System 
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Graphical  User  Interface  and  Controls 

The  intelligent  minefield  simulation  system  is  a  PC  based  program  written  in  Visual  Basic  and 

consists  of  over  1500  lines  of  code.  The  user  has  complete  control  over  a  variety  of  mine 

parameters  as  described  in  Table  1  below.  _ _ _ _ 

Conventional  WAM  IWAM  FASCAM 

Number  of  Mines  X  X  X  X 

Lethal  Radius  X  X  X  X 

PHit  (Short  X  X  X  X 

Range) 

PHit  (Intersection)  X 

Phit  (Long  Range)  X  X 

P(Kill  I  Hit )  X  XXX 

Detection  Range  X  X 

Tracking  Range  X  X 

Table  1:  User-controlled  parameters  for  the  minefield  simulation. 

A  sophisticated  graphical  user  interface  (GUI)  allows  the  user  to  create  different  minefield 
configurations  by  simply  clicking  on  an  icon  and  moving  the  icon  to  the  desired  location.  This 
windows-based  interface  allows  the  user  to  designate  the  numbers  of  mines  of  the  various  types, 
and  to  position  the  mines  into  any  pattern  desired  using  a  mouse.  The  user  can  also  control  the 
number  of  iterations  of  the  simulation  and  the  variation  in  paths  through  the  minefield  area. 
Additional  visual  aids  allow  the  user  to  display  the  killing  radius  of  WAMs  and  IWAMs,  as  well  as 
the  communication  range  of  IWAMs.  The  user  also  has  the  option  of  displaying  a  grid  to  locate 
mines,  designate  a  random  number  seed,  and  a  save  function  that  saves  minefield  data  for  future 
reference.  The  minefield  area  is  a  square  1 .5  Km  on  a  side,  oriented  with  sides  parallel  to 
north-south  (vertical,  on  the  windows  display)  and  west-east  (horizontal)  directions.  A  depiction 
of  the  basic  minefield  screen  is  shown  at  Figure  3. 
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Figure  3.  Basic  minefield  screen  depicting  9  IWAMs  in  an  X  pattern. 

Platoons  of  tanks  are  simulated  as  vectors  along  paths  through  the  minefield.  Each  path  is 
simulated  by  generating  a  pair  of  values  representing  the  ordinate  (nothing)  of  the  path’s  entry- 
and  outbound-points.  A  path’s  entry  point  is  on  the  line  along  the  west  border  of  the  area;  its 
outbound  point  is  on  the  line  along  the  east  border  of  the  area.  The  heights  of  the  points  on  these 
lines  are  determined  by  a  pair  of  generated  normal  or  uniform  deviates,  as  designated  by  the  user. 
The  means  of  these  normal  distributions  correspond  to  the  center  of  the  respective  borders,  and 
the  common  variance  is  controlled  by  the  user.  By  selecting  small  variance,  the  user  roughly  can 
model  a  minefield  area  in  a  valley  or  blocking  a  roadway.  -  By  choosing  a  larger  variance,  the  user 
can  model  a  minefield  in  an  open  area  or  desert  terrain.  The  patterns  of  paths  generated  with  set 
values  of  the  variance  parameter  is  illustrated  in  Figure  4  which  shows  realizations  of  100  paths 
for  two  selected  values  of  the  variance  with  a  normal  distribution. 
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Figure  4.  Path  patterns  with  low  and  high  variance  settings . 
Evaluation  Algorithm 


The  evaluation  algorithm,  explained  in  the  following  paragraph,  measures  the  distance  for  a 
mine  to  a  given  path  and  calculates  if  the  path  is  within  the  lethal  radius  of  the  mine.  Thus,  given 
(XI,  Yl)  is  the  entry  point  of  the  path,  (X2,  Y2)  is  the  exit  point  of  the  path,  and  (Xm,  Xm)  is  a 
given  mine  coordinate,  the  perpendicular  (minimum)  distance  from  the  mine  to  the  path,  depicted 
below  in  Figure  5,  is  computed  as  follows: 

(X3,  Y3) 


Figure  5.  Path-mine  geometry. 

It  is  easily  seen  the  coordinate  of  the  closest  approach  of  the  path  to  the  mine  is 

■(/«+/.)  ^ 


m 


(1) 


so  the  perpendicular  distance  from  the  mine  to  the  path,  R,  is  computed  using  the  Pythagorean 
Theorem, 


R  =  ^(x,-X.f+(Y,-Y.f 
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(2) 

The  algorithm  used  to  evaluate  a  minefield  is  displayed  below  in  Figure  6.  The  user  sets  initial 

minefield  parameters,  including  those  listed  in  Table  1  (step  1).  Mine  characteristics  such  as 

location,  type,  probability  of  hit,  are  stored  in  a  two  dimensional  array  designated  as  m(i,  j), 

where  i  represents  the  characteristic  and  j  is  a  mine  index  ranging  from  1  to  the  total  number  of 

mines,  «,  that  uniquely  identifies  each  mine.  The  loop  in  steps  3  through  16  generates  a  path,  and 

evaluates  the  effectiveness  of  the  minefield  against  a  platoon  of  tanks  moving  along  that  path. 

After  a  path  is  generated,  the  algorithm  calculates  which  mines  would  engage  the  tank  (step  6), 

and  sorts  the  engagements  based  on  the  order  with  which  the  tanks  would  reach  the  mines  (step 

11).  If  a  tank  moves  within  the  effective  radius  for  a  given  mine,  then  a  Monte  Carlo  process  is 

used  to  determine  the  effects  of  the  mine  at  the  closest  approach  distance  (step  13). 

The  algorithm  continues  to  assess  the  results  of  mine  and  tank  interactions  until  the  platoon 

successfully  traverses  the  minefield,  a  tank  is  killed,  or  until  a  user  supplied  number  engagements 

has  been  exceeded,  in  which  case  the  platoon  is  assumed  to  have  stopped  until  a  path  through  the 

minefield  is  cleared  by  breaching  equipment.  At  this  point,  another  iteration  of  the  simulation  is 

generated  (if  appropriate)  or  the  algorithm  stops  and  appropriates  statistics  computed. 

Let  m(i,  j)  =  two  dimensional  array  such  that  i  represents  mine  specifications  and  j  represents  a 
unique  mine  of  type  I 

cnt,  k  be  integer  counters 
max_paths  =  user  specified  number  of  paths 
max_  atck  =  user  specified  stopping  criteria 
tot  mines  =  total  number  of  mines 

Random()  be  a  function  that  returns  an  appropriate  random  number 
Min_Dist()  be  a  function  the  computes  the  distance  from  a  nine  to  a  path 
Sort()  sorting  routine 

Hit  Prob  be  a  function  that  computes  the  probability  of  a  hit  and  kill 
EntropyO  be  a  function  the  evaluates  the  information  gained  by  a  given  mine 
Print_Results  be  a  function  that  displays  measures  of  effectiveness 
Initialize  parameter  values 
Initialize  ni(i,  j) 

WHILE  ((cnt  <  max_paths)  AND  (atck  <  max_  atck))  DO 
Y1  <—  Random();  Y2  <—  Random() 

FOR  k=l  to  tot_mines  DO 

R^  Min_Dist(m(i,  k)  XI,  Yl,  X2,  Y2,  XM,  YM)) 
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IF  R  <  m(L,  k)  THEN 

m(L,  k)  =  1  /*  sets  lethal  (L)  value  of  array  to  1  */ 

Lethal_Mines  Lethal_Mines  +  1 
END  FOR 

Sort(m(L,  k),  XM)  For  All  iii(L,  k)  =  1  /*  sorts  only  Lethal  mines  */ 

WHILE  (k  <  lethal_mines)  AND  (atck  <  max_  atck  ))D0 

IF  Hit_Prob(m(H,  k))  <  RandomQ  atck  <-  atck  +1  /*  H  is  prob(hit)  */ 

Entropy(in(E,  k)) 

END  WHILE 

END  WHILE 

Print_Results() 

Figure  6.  Pseudo-code  illustrating  the  logic  of  the  minefield  simulation. 

Measures  of  Effectiveness  (MOE) 

Traditional  MOE 

Percent  Transversals.  If  an  enemy  platoon  receives  fewer  than  a  preset  number  of  engagements 
by  any  of  the  mines  considered,  then  it  is  assumed  to  have  traversed  the  minefield.  This  is 
based  on  an  assumption  that  a  certain  number  of  engagements  will  cause  the  platoon  to  retreat 
out  of  the  minefield.  The  simulation  records  the  number  of  iterations  that  result  in  fewer  than 
the  threshold  number  of  engagements,  and  this  is  used  to  calculate  the  percentage  of  the 
platoon  attacks  that  were  “successful”  in  traversing  the  minefield,  and  the  variance  of  the 
success. 

Number  of  Engagements.  The  total  number  of  times  the  minefield  engaged  the  enemy  platoon  is 
determined  for  each  iteration  (i.e.,  for  each  generated  path),  and  the  mean  and  variance  over 
iterations  is  calculated. 

Number  of  Hits.  The  total  number  of  times  the  minefield  hit  an  enemy  tank  in  each  iteration  is 
counted,  and  the  mean  and  variance  over  iterations  is  calculated. 

Number  of  Kills.  Similar  to  (3)  for  kills,  rather  than  hits. 

Kills  by  Munition  Type.  The  simulation  records  the  number  of  kills  by  each  type  of  mine  or 
munition,  within  each  iteration.  The  mean  and  variance  over  iterations  is  calculated. 

Penetration  Distance.  The  distance  the  enemy  platoon  progresses  into  (or  through)  the  minefield 
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is  determined  for  each  iteration,  and  the  mean  and  variance  over  iterations  is  calculated.  This 
distance  is  measured  along  the  path  segment  within  the  minefield. 

Information  Evaluation  (Entropy) 

We  measure  the  lack  of  information  the  Blue  commander  has  about  the  Red  tank  platoon 
using  the  concept  of  entropy,  as  introduced  by  Shannon  [].  If  a  system  can  be  in  states  1,  2,  ...  « 
with  probabilities  pi,  p2,  pn,  the  entropy  of  the  system  is  defined  below  in  equation  3: 


(3) 


where  the  summation  extends  over  states  having  positive  probabilities.  If  the  states  are  equally 
likely  (the  distribution  is  uniform  over  the  states),  the  p's  are  equal  to  J/n,  and  the  entropy 
expression  simplifies  to  e  =  ln(n).  For  a  continuous  model,  with  terrain  regions  in  place  of  the 
states,  we  proceed  in  a  similar  fashion.  In  this  case,  for  a  uniform  model,  n  is  proportional  to  the 
area.  A,  of  the  region,  so  the  entropy  is  proportional  to  ln(A).  If  data  are  obtained  indicating  the 
enemy  tanks  are  within  a  sub-region  of  area  B  <  A,  then  the  entropy  has  decreased  to  ln(B),  and 
the  information  gain  is  taken  to  be  ln(A)  -  ln(B). 

Assuming  a  minefield  is  placed  as  a  result  of  some  form  of  intelligence  as  to  the  enemy’s  likely 
avenues  of  approach,  it  follows  that  initially  only  the  general  area  of  the  enemy’s  position  is 
known.  We  model  this  by  assuming  the  location  is  known  at  the  beginning  of  each  iteration  only 
up  to  a  uniform  distribution  over  a  large  initial  area,  A  =  3  15002,  which  represents  the  area 
of  three  consecutive  1500  X  1500  minefields.  Since  the  IWAMs  in  the  minefield  convey  to  the 
TOC  information  about  the  enemy’s  movements  or  presence,  the  Blue  commander  may  gain 
information  about  the  enemy  tanks.  We  model  this  as  a  uniform  distribution  over  a  subset  of  area 
B  of  the  original  region.  This  means  the  entropy  may  decrease  because  more  information  on  the 
possible  location  of  the  enemy  is  known.  Using  this  logic,  the  simulation  evaluates  entropy  at  five 
classifications  of  level  of  uncertainty  about  the  enemy  platoon  for  each  iteration,  and  the  mean  and 
variance  of  information  gain  over  iterations  is  computed.  The  posterior  information 
classifications  are; 
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1.  No  detection  by  IWAMs  of  enemy  activity  within  sensor  range.  In  this  case, 

B  =  3-15002,  so  information  gain  is  zero. 

2.  IWAM  senses  conventional  or  WAM  detonations.  The  reduced  area  is  5  =  n-rs2, 
where  rs  is  the  sensor  range  of  the  IWAM.  This  represents  the  IWAM’s  ability  to 
sense  the  explosion  of  another  munition. 

3.  IWAM  senses  tanks  traversing  the  minefield.  Then  B  =  n-rt2,  where  rt  is  the 
tracking  range  of  the  IWAM. 

4.  Two  communicating  IWAMs  simultaneously  track  the  tank  platoon.  In  this  case,  B 
=  0.5n-rt2.  This  crudely  represents  the  average  intersection  area  with  tracking  by  two 
communicating  IWAMs. 

5.  IWAM  fires  upon  the  enemy  platoon  as  it  attempts  to  traverse  the  minefield.  Then 
B  =  n-rl2,  where  rl  is  IWAMs  maximum  lethal  range. 


Multiple  combinations  of  these  events  can  occur  within  any  one  simulation  iteration.  The 
simulation  saves  only  the  smallest  value  of  B  per  iteration,  because  this  represents  the  most 
accurate  fixing  of  the  enemy  platoon’s  location.  The  simulation  calculates  and  records  the 
entropy  decrease,  ln(A)  -  ln(B)  for  each  iteration  and  computes  the  mean  and  variance  of 
information  gain  over  iterations. 

Model  Verification 

In  addition  to  standard  methods  of  model  verification,  such  as  running  a  simple  scenarios  with 
known  outputs,  we  verified  the  model  using  an  analytical  approach.  The  probability  a  single  tank 
survives  a  minefield  of  known  width,  P(S),  given  L  is  the  average  distance  a  tank  must  travel 
through  the  field,  d  is  the  effective  influence  diameter  of  a  mine,  A  is  the  area  of  the  field,  and  n  is 
the  number  of  mines,  is 


(4) 


(see  []  for  a  discussion  of  this  model). 


Table  2  shows  a  comparison  of  results  of  the  simulation  using  conventional  mines  distributed 
in  a  random  pattern  with  results  obtained  using  the  anal)4ic  model  given  in  Equation  1 .  For  each 
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given  number  of  mines  shown  in  the  table,  the  simulation  was  repeated  100  times,  each  with  1,000 
iterations.  Note  the  survivability  of  tanks  estimated  by  the  simulation  and  predicted  by  the 
simulation  agree,  in  all  cases,  to  at  least  the  99.5%  level  of  significance.  It  is  clear  the  simulation 
is  generating  appropriate  values  of  P(S)  for  these  cases. _ 


#  Mines 

P(S) 

Simulation 

P(S) 

Predicted 

t-Statistic 

10 

.9556 

.9569 

.00631 

12 

.9485 

.9484 

-.00045 

14 

.9394 

.9401 

.00293 

16 

.9319 

.00589 

18 

.9237 

.00150 

20 

.9155 

Table  2.  Comparison  of  simulation  and  analytical  survival  probabilities. 

Optimal  Separation  Between  IWAMs 

It  seems  plausible  there  might  be  an  interesting  trade-off  between  total  coverage  of  a 
communicating  pair  of  IWAMs,  and  the  enhanced  hit  probability  in  the  region  of  overlap  of  their 
lethal  radii,  r.  That  is,  as  separation  distance,  s,  increases  from  0  to  2r,  so  that  the  lethal  area 
circles  move  from  total  overlap  toward  no  overlap,  the  area  covered  by  the  pair  increases  (tending 
to  make  engagement  probability  larger)  but  the  overlap  area  decreases  (tending  to  make 
probability  of  hit,  given  engagement,  smaller).  For  what  value  of  s  is  probability  of  kill 
maximized? 

A  crude  approximation  of  the  intersecting  circles  was  developed  using  intersecting  diamonds 
and  assuming  a  two-valued  lethality  function:  hit  probability  is  pi  over  areas  of  single  coverage 
and  is  p2  over  double  coverage  (intersection)  areas.  Modeling  circles  of  lethality  by 
diamond-shaped  regions  allows  simple  linear  expressions  for  hit  probability  as  functions  of  the 
separation  distance,  s,  for  each  encounter  geometry  of  the  path  with  the  region.  We  let  0  denote 
the  angle  the  tank  platoon  track  makes  with  the  line  through  the  centers  of  the  diamonds.  The 
geometric  situation  for  the  case  0  <  9<7r/4  is  shown  in  Figure  7. 
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Figure  7.  Approximation  of  communicating  IWAM  regions  using  diamonds. 

We  consider  the  projection  of  the  coverage  area  along  the  direction  of  the  platoon  path  upon 
a  line  normal  to  the  track  direction,  as  shown  in  Figure  7.  For  0  <6  <7i/4,  the  length  of  the 
projection  is  2r  cos( 6)  +  s  sin(O).  The  length  of  the  projection  of  the  double  coverage  region  is 
2{r  -  s/2)  cos(O).  Thus,  for  0  <6<7j/4,  the  hit  probability  is  proportional  to 


p^  2r  cosiO)  +  5sin(^)  -  l{r  — )  cos(^)  +  2(r  — )  cos(0) 


J 


-  /7,5(cos(^)  +  sin(^))  +  P2  {2r  -  s)cos(0) 


(5) 

Similarly,  for  n/4<Q  <  %I2,  the  hit  probability  is  proportional  to 
pi -25  sin(6)  +  p2(2r  -  s)  sin(9). 

(6) 


Assuming  the  encounter  angle,  0,  is  uniformly  distributed  over  (0,7^2),  the  expected  hit 
probability,  pH,  is 


ff/4 


jtn 


It  14 


nil 


Ph  =  7^1 


J  cos{6)  +  sm{6)d6  +  2^s\n{6)dd 


+  p^{2r-s) 


^cos{9)d6+  ^s\n{9)d9 


0 


7tl4 


0 


;r/4 


=  p,5tl +  2/ V2]+/?2 (2r - 5)2 /  V2  . 


(7) 


Since  pH  is  linear  in  s,  it  follows  the  optimal  separation  is  either  0  or  2r  (i.e.,  total  overlap  or 
total  separation),  depending  on  whether  the  slope  pi (1+2/^)  -  p2(2/^)  is  negative  or  positive, 
respectively.  In  summary,  to  maximize  hit  probability,  the  crude  geometric  model  suggests  the 
separation  s  should  be 
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s  =  0,  if  pl/p2  <  2/(2+V2)  «  .586; 
s  =  2r,  otherwise. 

(8) 

The  result  with  the  approximate  geometric  model  suggests  a  similar  situation  holds  for  the 
circular  model  with  the  Carlton  lethality  function.  This  hypothesis  is  supported  by  experiments 
we  conducted  with  the  minefield  simulation.  We  used  100  iterations  of  1,000  paths  each  for  the 


Figure  8.  Overlap  and  Non-Overlapping  lethal  patterns  for  mine  areas. 

Table  3  provides  results  for  experiments  conducted  at  low,  medium,  and  high  path  variances  (low 
variance  are  paths  concentrated  through  a  narrow  portion  of  the  minefield),  and  different  long 
range  probabilities  of  hit  (long  range  probability  is  a  parameter  required  for  the  Carlton  function). 
The  values  in  Table  3  represent  the  probability  one  tank  is  engaged  ipe)  and  hit  (pK)  by  a  mine. 
Note  pe  remained  constant  as  the  long  range  probability  of  hit  changed  since  pe  is  not  effected  by 
a  change  in  ph.  However,  since  the  non-overlapping  minefield  covered  more  total  area  than  the 
overlapping  minefield,  the  non-overlapping  minefield  exhibited  a  higher  pe,  and  subsequent  higher 
ph  than  the  overlapping  minefield.  This  result  was  true  in  all  experiments  except  for  the  case  of 


the  low  variance  minefield,  where  paths  were  spatially  concentrated. 


Variance  | 

Probability 
(Long  range) 

Low 

Medium 

High 

Overlap 

.5 

ph  =  .850 

ism 

Overlap 

.75 

pe  =  .995 

ph  =  .873 
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Overlap 

1 

pe  = .994 

ph  =  .994 

tmisi 

Non-Overlap 

.5 

froiffw 

mu 

ph  = .822 

ph  =  .747 

ph  = .651 

Table  3:  Probability  of  Engagement  (pe)  and  probability  of  hit  (ph)  for 
overlapping  and  non-overlapping  minefields  at  different  long  range 
probabilities  and  variances. 


Of  course,  if  the  tracking  radii  is  much  larger  than  the  lethal  radii,  then  mines  should  be 
positioned  so  the  lethal  areas  do  not  intersect,  but  the  tracking  areas  do  intersect.  In  other 
words,  the  optimal  situation  is  where  mines  are  positioned  as  in  Figure  6B  above,  and  benefit 
form  an  overlapping  tracking  range. 

Analysis  of  Minefield  Patterns 

Another  example  of  the  type  of  analysis  that  can  conducted  with  the  minefield  simulation 
program  is  the  evaluation  of  different  minefield  patterns.  We  constructed  three  minefield  patterns 
as  depicted  below  in  Figure  9,  and  tested  these  patterns  against  high  and  low  tank  path  variances. 


Vertical 

Configuration 


X  Configuration 


Horizontal 

Configuration 


Figure  9.  Sample  Minefield  Patterns 

Each  type  of  configuration  was  implemented  using  both  WAMs  and  IWAMs.  The  number 
of  mines  was  varied  for  each  configuration  between  5,  9,  and  13  mines.  Based  on  the  expected 
number  of  kills,  the  best  minefield  pattern  was  the  horizontal  configuration.  Since  at  a  low 
variance  the  majority  of  all  trajectories  must  pass  through  the  layers  of  the  horizontal 
configuration,  the  horizontal  pattern  performed  much  better  than  the  vertical  or  X  pattern.  At  a 
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high  variance,  the  horizontal  pattern  still  performed  the  best,  however,  it  was  only  slightly  better 
than  the  vertical  configuration. 

Information  gain  results  returned  from  IWAMs  were  also  analyzed  for  the  different  patterns 
and  paths.  The  best  largest  information  gain  for  a  high  tank  path  variance  results  were  for  a 
vertical  configuration  because  tanks  enter  and  exit  the  minefield  from  greater  locations,  and  the 
vertical  minefield  is  more  spread-out.  For  a  low  variance,  the  horizontal  configuration  was  best  at 


providing  information  about  the  enemy.  An  example  of  the  information  gain  statistics  collected 


High  Variance 

Low  Variance 

Vertical 

Horizontal 

X 

Vertical 

ililil 

5  mines 

7.516 

7.810 

6.8884 

8.2598 

9  mines 

9.194 

9.2893 

9.6874 

13  mines 

9.2828 

9.689 

Table  4.  Statistics  on  information  gain  for  different  minefield  patterns  and  high  or  low  tank 
path  variance. 


Conclusion 

We  have  introduced,  implemented,  verified,  and  validated  a  high  resolution,  interactive, 
stochastically  based  simulation  that  facilitates  the  evaluation  an  intelligent  minefield.  The 
simulation,  written  in  Visual  Basic,  fills  a  need  that  is  not  satisfied  by  existing  combat  simulations. 
Results  from  an  application  of  the  model  concerning  the  evaluation  of  minefield  patterns,  to 
include  a  theoretical  assessment  of  the  area  of  coverage  for  communicating  IWAMS,  is  also 
presented. 

The  major  contributions  of  the  research  include  a  new  paradigm  for  modeling  minefields,  an 
efficient  algorithm  for  assessing  minefield  effectiveness,  and  preliminary  research  addressing 
optimal  minefield  patterns.  Future  research  includes  refining  the  model  by  separating  the  sensor 
from  the  IWAM  platform,  allowing  a  tank  path  to  change  direction  after  a  mine  is  detected  and 
development  of  a  mathematical  model  for  optimal  minefield  coverage. 
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Abstract.  Rapid  and  thorough  minefield  mapping  is  an  essential  prerequisite  for  an  amphibious 
assault.  An  autonomous  underwater  vehicle  (AUV)  designed  to  search  and  map  a  shallow-water  landing 
zone  might  be  a  major  mine  countermeasures  (MCM)  asset.  In  this  paper  we  focus  on  evaluation  of  AUV 
tactics  for  searching  a  minefield.  The  NPS  Phoenix  AUV,  analytic  simulation  techniques  and  an 
underwater  virtual  world  are  used  to  study  and  evaluate  eight  candidate  search  tactics  (Figures  1  and  2). 

Simulation  provides  a  vital  link  between  scientific  advances,  developmental  cost  savings,  tactical 
flexibility  and  operational  effectiveness.  Tactical  minefield  search  scenarios  are  evaluated  based  on 
requirements  for  conduct  of  MCM  in  a  shallow- water  landing  zone.  The  simulated  minefield  is  one 
kilometer  squared  (1  Km^),  containing  10  moored  submerged  mines  distributed  in  either  random  or  barrier 
fields.  The  time  limit  placed  on  the  search  operation  is  five  hours  due  to  likely  operational  constraints. 
Operating  parameters  for  the  simulated  AUV  are  based  on  present  or  achievable  Phoenix  capabilities. 

A  variety  of  search  tactics  are 
implemented  and  evaluated.  Simulated 
searches  are  repeated  until  results  converge 
within  acceptable  statistical  confidence 
intervals.  Evaluation  of  search  tactic 
simulation  results  is  based  on  two  measures  of 
effectiveness  (MOEs):  number  of  mines  found 
and  area  searched.  These  two  evaluation 
criteria  correspond  to  partial  minefield  search. 

Such  MOEs  are  chosen  because  exhaustive 
search  is  not  possible  based  on  size  of  the  minefield,  limited  AUV  search  speed  and  tactical  time 
constraints.  Finally  all  of  the  search  tactics  are  automatically  converted  into  executable  scripts  written  in 
the  AUV  mission  script  command  language.  Playing  back  AUV  execution  of  candidate  tactics  using  an 
underwater  virtual  world  allows  visualization  of  each  search.  This  new  methodology  provides  quantitative 
and  qualitative  insight  into  tactical  employment  of  AUVs  in  MCM  operations. 

1  Introduction  and  Motivation 

The  present  objective  of  U.S.  Navy  mine  countermeasure  (MCM)  forces  is  to  reduce  the  threat 
posed  by  mines  until  crossing  the  beach  becomes  merely  a  “speed  bump”  for  amphibious  landing  forces 
(Bottoms  95,  96).  The  need  for  rapid  and  thorough  reconnaissance  of  the  mine  threat  thus  becomes  an 
essential  part  of  a  successful  amphibious  assault.  Additionally,  in  order  to  maintain  overall  tactical 
surprise  by  a  battle  group,  only  a  relatively  short  period  of  time  may  be  allotted  to  search  and  map  potential 
minefields.  The  use  of  an  autonomous  underwater  vehicle  (AUV)  to  conduct  covert  reconnaissance  of  the 
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assault  lanes  fills  a  current  operational  deficiency  and  might  significantly  increase  the  probability  of 
success.  This  paper  describes  a  computer  simulation  methodology  for  evaluating  tactics  that  can  be  used 
with  an  AUV  in  the  covert  reconnaissance  role.  Though  no  AUVs  are  currently  in  existence  that  are 
capable  of  this  mission,  recent  technological  advances  make  it  clear  that  such  capabilities  are  possible 
within  the  near  future. 

Our  goal  in  this  paper  is  to  develop  a  number  of  candidate  tactics  for  a  fixed  search  area  and  then 
evaluate  them,  using  the  following  two  questions:  what  is  the  best  tactic  for  finding  the  most  mines,  and 
what  is  the  best  tactic  for  searching  the  most  area?  To  answer  these  questions  we  use  the  mean  and 
standard  deviation  of  our  measures  of  effectiveness  (MOEs),  i.e.  number  of  mines  found  and  the  percentage 
of  area  searched,  respectively,  A  time  constraint  of  five  hours  has  been  imposed  on  each  mission  in  order 
to  meaningfully  compare  tactics  in  scenarios  where  complete  coverage  is  not  possible.  Several  t3q)es  of 
simulation  are  used  in  combination  to  provide  a  useful  methodology  for  tactical  evaluation  in  the 
laboratory. 

Historical  approaches  to  computer  simulation  for  mine  warfare  are  mentioned  in  (Hartmann  91). 

In  this  paper,  we  use  statistically  based  analytic  computer  simulation  together  with  a  physically  based 
virtual  world.  Our  intent  is  to  bridge  the  gaps  between  a  declared  fleet  need  (a  covert  search  of  an 
amphibious  assault  lane),  a  new  scientific  capability  (an  oceangoing  AUV)  and  proper  employment  of  new 
technology  (determining  effective  operational  tactics  for  robots).  We  evaluate  and  verify  proper  operation 
of  each  different  search  technique  using  actual  robot  software  operating  within  an  underwater  virtual 
world.  This  end-to-end  approach  to  computer  simulation  offers  a  flexible,  effective  and  inexpensive  way  to 
develop  tactics  prior  to  operational  validation. 

Computer  simulation  also  allows  an  extensive  series  of  tests  to  be  rapidly  condueted  that  are  not 
otherwise  possible  in  resouree-constrained  real  environments.  Exercises  and  simulations  can  be  designed 
and  conducted  to  produce  statistically  meaningful  and  validatable  results.  This  approach  enables  initial 
evaluation  of  tactics  without  the  procurement  and  maintenance  eosts  associated  with  a  complex  new 
system.  Certainly  the  risks  associated  with  putting  such  new  technology  into  the  field  warrant  that  as  much 
preliminary  work  is  accomplished  in  the  lab  as  possible.  The  only  open  question  in  sueh  an  approach  is 
just  how  accurately  the  real  world  can  be  modeled.  Our  goal  is  to  properly  and  exactly  model  as  much  of 
the  real  world  as  is  necessary  in  order  to  ensure  meaningful  results.  Using  physies-based  sonar  and 
hydrodynamics  models  provides  a  realistic  and  intuitive  3D  animation  in  the  virtual  world. 

Organization  of  the  paper.  Robot  deseription  in  Section  2  and  problem  definition  in  Section  3  lay 
out  the  terms  of  the  AUV  minefield  search  problem.  Candidate  tactics  are  deseribed  in  Section  4,  followed 
by  the  analytie  simulation  methodology  in  Section  5.  Detailed  evaluation  of  simulation  results  appears  in 
Section  6.  Example  mission  generation  and  virtual  world  search  playback  are  deseribed  Section  7. 
Conclusions,  references  and  an  online  software  archive  complete  the  paper. 

2  Robot  Description 

The  NFS  Phoenix  AUV  is  an  existing  robot  with  an  operating  depth  of  5  m,  maximum  speed  of 
2  knots  and  enduranee  of  approximately  2  hours  (Figure  3)  (Brutzman  96a,  97).  Phoenix  is  capable  of 
precise  maneuvering  in  either  flight  or  hover  mode.  Eight  plane  surfaces,  twin  propellers,  four  cross-body 
thrusters  and  a  variety  of  automatic  control  algorithms  make  Phoenix  a  highly  eontrollable  and 
hydrodynamieally  stable  vehicle. 

Phoenix  is  capable  of  detecting  and  classifying  mine-like  objeets,  and  can  also  perform  path 
planning  for  detected  obstacle  avoidance  (Brutzman  97).  Geographic  Positioning  System  (GPS)  and 
Differential  GPS  (DGPS)  position  fixes  can  be  obtained  in  less  than  a  minute  per  surfacing  evolution  in 
support  of  accurate  mapping  and  navigation.  A  corresponding  underwater  virtual  world  is  available  for  the 
Phoenix  AUV  that  can  provide  physically  accurate  sonar  and  hydrodynamics  response  in  real  time  in  the 
laboratory  (Brutzman  96b,  96c).  Robot  mission  software  run  in  the  virtual  world  can  also  be  run  without 
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modification  in  the  real  world.  Thus  tactics  developed  for  this  minefield  search  project  can  be  directly 
tested  in  water. 

Active  sonars  installed  on  board  Phoenix  include  the  Tritech  STIOOO  and  ST725  which  operate  at 
1000  and  725  KHz  respectively,  having  maximum  effective  ranges  of  30  m  and  range  resolution  of 
approximately  1  cm.  Each  sonar  has  a  single  beam  mechanically  steerable  to  any  heading  in  0.9° 
increments.  The  STIOOO  is  a  1  °  conical  beam  typically  used  for  close-aboard  obstacle  detection  or  detailed 
object  profiling  and  classification.  The  ST725  is  a  1°  horizontal  by  24°  vertical  cone  beam  typically  used 
for  area  search.  As  shown  in  Figure  4,  each  sonar  has  a  swath  width  coverage  of  42  m  when  scanned 
through  a  90°  sector.  ST725  vertical  coverage  at  this  range  is  12m.  With  40  seconds  required  to  traverse 
each  40m  box  at  maximum  speed,  and  a  sonar  scanning  rate  of  (.9°  x  6  Hz)  =  5.4°/sec,  over  two  complete 
90°  sonar  sweeps  are  possible  in  each  grid  box.  Combining  this  sonar  coverage  with  the  maneuverability 
of  the  Phoenix  permits  us  to  plan  missions  that  can  completely  search  each  individual  grid  box,  followed  by 
a  continuing  track  to  port,  to  starboard,  straight  ahead  or  reversing  course. 


Figures.  NPS  PWA  AUV  maneuvering  to  figure  4.  A  90°  sector  scan  at  a  30  m  maximum  sonar 
enter  a  docking  tube  (Brutzman  97).  ^  42  ^  ^j^e  swath. 


3  Problem  Definition 

A  total  search  area  of  1  Km^  is  chosen  to  approximate  the  size  of  the  approach  and  exit  lanes 
needed  for  landing  craft  in  a  contemporary  amphibious  landing.  This  tactical  challenge  is  designed  to  be 
realistic  and  easily  adaptable  to  more  specific  real-world  scenarios.  Very  shallow  water  search  area  depth  is 
assumed  to  range  between  5-25  m  so  that  AUV  operating  depth  between  5-20  m  can  provide  12  m  of 
vertical  coverage  in  a  single  pass  using  the  Tritech  sonars.  A  time  period  of  five  hours  was  chosen  based 
on  presumed  battery  life  of  the  AUV  (twice  the  present  capacity  of  Phoenix).  This  is  a  likely  interval  for 
rapid  reconnaissance  “in  stride”  with  an  amphibious  landing.  A  time  limit  also  avoids  the  simplicity  of 
performing  exhaustive  searches  (which  make  choice  of  tactics  moot).  These  tactical  parameters  are 
realistic  and  representative  of  real  world  scenarios. 

From  the  perspective  of  an  underwater  robot  designer,  the  most  difficult  challenges  in  this  scenario 
include  precise  navigation,  precise  vehicle  control,  and  combined  detection,  classification,  localization  and 
avoidance  of  mine-like  objects.  Phoenix  has  demonstrated  the  capability  to  handle  all  of  these  problems.  It 
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must  be  noted  that  hull,  propulsion  and  electrical  modifications  to  Phoenix  would  be  needed  for  additional 
endurance.  Nevertheless  an  AUV  solution  to  this  important  operational  problem  appears  quite  feasible 
(and  affordable)  using  available  technology. 

In  order  to  develop  intuitive 
tactics  that  can  be  meaningfully 
compared,  we  wish  to  keep  the 
structure  of  the  problem  space  simple. 

This  tactical  problem  can  be  posed  as 
a  simple  grid  search,  where  grid  box 
size  is  determined  by  sonar  scan 
width.  The  preceding  Figure  4 
showed  the  geometry  of  Phoenix 
sonar  scans  which  leads  to  a  40  m 
wide  box  spacing.  Dividing  a  1  Km^ 
lane  into  40  m  x  40  m  boxes  produces 
a  25  box  X  25  box  grid  of  625  boxes 
total.  We  therefore  define  a  grid  box 
numbering  convention  (with  origin 
defined  in  the  lower  left-hand  corner) 
as  shown  in  Figure  5.  Following  the 
right-hand  rule  convention,  depth  z  is 
positive  downward  and  equals  zero  at 
the  surface. 

We  are  confident  that  minefield  mapping  searches  can  be  effectively  conducted,  since  onboard 
Phoenix  obstacle  avoidance  algorithms  regain  intended  track  and  the  robot  can  navigate  in  the  presence  of 
ocean  current  (set  and  drift).  Because  Phoenix  control  permits  effectively  maneuvering  through  such  grid 
boxes  in  succession,  searches  of  arbitrary  complexity  can  be  represented  as  a  simple  series  of  contiguous 
boxes.  Corresponding  navigational  commands  can  be  produced  either  by  tactical  algorithms  operating  in 
real  time  onboard  the  AUV  or  by  prescripted  rnission..script  files.  Actual  robot  missions  are  therefore 
specified  as  a  series  of  track  waypoints  using  the  center  location  of  each  box  in  the  local  real-world 
coordinate  system.  Traversal  of  each  grid  box  enables  satisfactory  sonar  scanning  search.  Assuming  box 
coordinate  pair  (0,0)  is  the  local  origin,  conversion  between  grid  box  indices  and  x-y  coordinates  is 
calculated  using  Equations  (1)  and  (2). 

box^  {meters)  =  40m  •  box^  (index)  +  20m 
box^  (meters)  =  40m  •  box^  (index)  +  20m 

Minefield  Patterns.  Ten  mines  are  randomly  distributed  to  simulate  sparsely  populated 
minefields.  We  consider  two  types  of  randomly  distributed  minefields:  uniformly  scattered  dispersal,  and 
lateral  barriers  oriented  parallel  to  the  landing  zone  (which  might  be  easily  laid  by  a  fishing  vessel  sailing 
past  the  beach).  Since  search  tactics  are  largely  independent  of  the  number  of  mines  present,  a  total  of  ten 
mines  per  exercise  are  chosen  so  that  results  might  be  easily  interpretable  and  scalable.  All  mines  are 
located  within  the  very  shallow  water  depth  zone  (5-20m),  and  are  assumed  moored  above  the  bottom 
within  the  12m  vertical  coverage  of  the  ST725  where  they  can  be  detected  and  classified  by  the  AUV.  No 
mines  are  placed  outside  the  search  area.  The  barrier  minefield  is  laid  out  at  40  m  intervals  (i.e.  one  mine 
per  grid  box).  An  example  random  barrier  pattern  is  shown  in  Figure  6.  More  complex  minefield  patterns 


(1) 

(2) 


10-24 


are  possible,  but  these  two  minefield  types  require  good  varieties  of  coverage  suitable  for  comparing  search 
tactic  effectiveness. 

It  is  interesting  that  an  exhaustive  search  is 
not  possible  in  this  scenario:  a  nonrepetitive  traversal 
of  625  blocks  requires  a  (625  *  40  m  =  25  Km)  track. 

At  maximum  speed  (2  knots  =  ~1  m/sec  =  3.6 
Km/hour)  Phoenix  requires  40  seconds  to  transit  each 
unoccupied  box,  approximately  corresponding  to  7 
hours  for  completing  the  best-case  exhaustive  search. 

Thus  a  5-hour  search  limitation  (equivalent  to  at  most 
450  of  625  boxes  searched)  allows  comparison  of 
search  tactics  based  on  relative  search  effectiveness 
rather  than  time  to  completion.  This  limitation  is 
intentional.  If  all  searches  are  permitted  to  proceed  to 
completion,  propulsion  endurance  constraints  may  be 
exceeded.  Furthermore,  comparison  of  exhaustive 
searches  only  permits  using  time  duration  as  the  MOE, 

Elapsed  time  is  not  an  intuitive  or  accurate  metric  for 
comparing  relative  performance  between  tactics,  since 
some  tactics  are  optimized  for  rapid  detection  of 
barriers.  We  believe  that  number  of  mines  found  and 
percentage  of  area  searched  are  meaningful  MOEs. 

4  Candidate  Tactics 

Eight  different  search  tactics  are  considered  here.  Simplified  search  pattern  diagrams  appear  in 
Figure  7.  The  simplest  variations  merely  run  along  adjacent  rows  or  colunms,  and  are  named  North-South 
Lawnmower  and  East-West  Lawnmower  respectively.  These  two  tactics  are  basic  brute-force  searches 
that  take  little  advantage  of  minefield  knowledge,  and  as  such  they  are  good  baseline  comparison  tests  to 
decide  if  more  complex  search  patterns  improve  effectiveness.  Expanding  Box  and  Collapsing  Box 
searches  are  similar  to  the  lawnmower  in  that  they  do  not  search  any  box  more  than  once.  The  Horseshoe 
search  incrementally  traces  three  sides  of  the  perimeter  from  borders  toward  the  center,  again  only 
searching  each  box  once.  The  Modified  Horseshoe  search  starts  by  tracing  an  initial  X  between  opposing 
corners  (in  the  hopes  of  quickly  crossing  barriers)  before  resuming  a  standard  horseshoe  pattern.  The 
Horseshoe  Detect  search  will  search  inward  upon  detecting  a  new  mine  (in  the  hope  of  quickly  bracketing 
barrier  boundaries)  before  resuming  the  horseshoe  pattern.  The  last  pattern  evaluated  is  a  Triangle  Detect 
search,  which  spends  more  time  traversing  diagonally  (again  in  the  hope  of  quickly  intersecting  barriers)  at 
the  expense  of  some  overlap  in  grid-box  searches. 

Many  other  search  patterns  are  conceivable.  These  eight  patterns  were  chosen  because  they 
provide  a  good  variety  between  simplicity  and  sophistication,  and  also  because  it  is  not  intuitively  clear 
which  search  (on  average)  is  most  effective.  Thus  we  expect  to  learn  something  from  the  simulation. 

5  Analytic  Methodology 

A  precise  definition  of  simulation  is  the  response  of  a  model  over  time  (Fishwick  95).  Often  the 
hardest  part  of  any  simulation  problem  is  building  an  adequate  model.  A^Tien  modeling  a  system  of  interest 
we  primarily  wish  to  capture  all  relevant  detail.  Additionally  we  want  the  model  to  retain  simplicity  and 
clarity  so  that  results  are  credible,  interpretable  and  useful.  Analysis  consists  of  asking  meaningful 
questions,  designing  appropriate  simulation  experiments,  conducting  simulation  experiments  until  a 
predetermined  level  of  accuracy  is  achieved,  and  finally  evaluating  simulation  results  to  answer  the  original 


Figure  6.  Example  random  barrier  minefield. 
Uniformly  scattered  minefields  are  also  evaluated. 
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questions  of  interest.  Often  simulation  results  and  real-world  testing  leads  to  improved  understanding  of 
the  system  and  corresponding  model  improvements.  The  analytic  methodology  is  summarized  in  Figure  8. 
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Figure  7.  Eight  search  tactics  are  evaluated  and  compared. 


I.  Define  problem  and  determine  questions  of  interest,  in  order  to  define  required  level  of  detail  for  the 
system  model 

II.  Build  system  model  by  defining  appropriate  state  variables  and  corresponding  state-transition 
events 

III.  Design  simulation  experiment  and  specify  measures  of  effectiveness  (MOEs)  that  can  likely 
provide  answers  to  questions  of  interest 

IV.  Perform  simulation  experiments  (i.e.  record  the  model  behavior  over  time)  until  predetermined 
degrees  of  accuracy  in  MOEs  are  reached 

V.  Analyze  and  interpret  aggregate  simulation  MOE  results,  answering  original  questions  of  interest 

VI.  Perform  validation  experiments  in  real  world  (if  possible),  then  adjust  model  and  repeat  entire 
process  as  necessary 


Figure  8.  Analytic  simulation  methodology. 
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We  have  developed  a  simple  program  written  in  the  C  language  that  simulates  a  minefield  search 
by  stepping  from  grid  box  to  grid  box  according  to  the  tactic  of  interest  (Brutzman  96d).  By  repeating  this 
program  multiple  times  for  randomized  minefield  distributions,  we  can  average  search  performance  results 
until  the  standard  deviation  of  the  mean  converges  within  a  predetermined  confidence  interval  In  this 
manner  we  can  exhaustively  test  each  tactic  against  each  minefield  until  adequate  data  is  obtained  to 
meaningfully  answer  our  MOEs  (Bailey  95). 

Pseudocode  for  simulated  conduct  of  a  single  minefield  search  appears  in  Figure  9.  Each  minefield 
search  is  called  a  replication.  For  this  problem,  5-hour  search  replications  are  repeatedly  performed  to 
completion.  Counts  of  mines  found  in  each  search  are  statistically  evaluated  until  results  have  stabilized 
and  converged  within  a  predetermined  range.  A  flowchart  for  the  overall  simulation  program  (of  repeated 
replications)  appears  in  Figure  10. 


•  Initialize  all  variables 

o  Position  AUV  in  starting  box  and 
face  starting  direction 
o  Search  first  box  and  initialize 
statistics 

•  Repeat  until  5-hour  deadline  or  full 
1  Km^  grid  searched 

o  Perform  scanning  sonar  search  while 
transiting 

o  Is  a  mine  found  in  the  next  box? 

-  No:  mark  box  searched/empty 

-  Yes:  mark  box  searched/mine, 
increment  mines-detected  count 

o  Determine  next  box  according  to 
tactic 

o  Transit  to  next  box  (AUV  performs 
obstacle  avoidance  if  needed) 

•  Output  MOE  results  from  a  single 
search  of  the  minefield  (e.g.  number  of 
mines  found  and  %  area  searched) 


Figure  10.  Pseudocode  for  simulating  conduct  of 
a  single  minefield  search  using  a  given  tactic. 
Each  minefield  search  produces  results  for  a 
single  simulation  replication. 


Figure  9.  Determining  tactic  performance  through  multiple 
replication  experiments:  analytic  simulation  flowchart. 


As  specified  previously,  the  primary  question  of  interest  in  this  problem  is  how  to  determine 
relative  effectiveness  of  search  tactics  in  plausibly  defined  very  shallow-water  minefields,  given  a  time 
constraint  of  only  five  hours  for  the  search.  MOEs  for  each  simulation  experiment  include  number  of 
mines  detected  (out  of  10  total)  and  percentage  of  area  searched. 
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When  running  simulations  with  large  numbers  of  replications,  calculation  of  mean  and  standard 
deviation  can  become  computationally  prohibitive.  We  use  formulae  for  mean  and  standard  deviation 
called  sequential  statistics  that  incrementally  modify  the  preceding  value  of  the  statistic  with  the  weighted 
increment  corresponding  to  the  current  sample  (Bailey  95)  (Law  91).  This  approach  lets  us  efficiently 
repeat  simulated  minefield  searches  for  thousands  of  replications,  without  computational  slowdown,  until 
the  MOE  statistics  stabilize  inside  a  desired  confidence  interval. 

When  collecting  statistics  on  each  tactic,  randomly  distributed  minefields  are  repeatedly  created 
and  searched  one  after  another  for  five-hour  simulation-time  intervals.  MOEs  for  each  replication  are 
statistically  averaged  until  the  standard  deviation  of  the  replications  has  converged  to  a  stable  value,  as 
determined  by  a  95%  confidence  interval  (Cl).  Repeated  summations  of  long  series  of  values  are  avoided 
by  using  sequential  statistics  for  mean  and  standard  deviation.  For  example,  the  aggregate  mean  after  each 
replication  (i.e.  iteration  n+1)  is  calculated  using  a  weighted  average  of  previous  and  latest  results 
(Equation  3).  Variance  and  standard  deviation  sequential  statistics  appear  in  Equations  4  and  5. 


Sample  mean: 
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Sample  standard  deviation:  5^^,  = 


(5) 


Rather  than  simulate  replications  for  an  arbitrarily  large  number  of  runs,  we  wish  to  terminate 
when  results  are  stable.  Regarding  the  MOE  for  the  number  of  mines  found,  a  large-sample  100(1  -  a)% 
confidence  interval  (Cl)  (Mendenhall  91)  is  applied  for  the  mines-found  mean  to  decide  when  simulation 
results  have  converged  satisfactorily.  Variance  of  the  mines-found  sample  mean  is  presented  in  Equation  6 
and  the  large-sample  Cl  formula  for  sample  mean  convergence  is  presented  in  Equation  7. 
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Convergence  confidence  interval  for  mines-found  mean  Cl  :  Z  .±z 
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Typical  termination  of  replications  is  based  on  confidence  that  the  mines-found  mean  has 
converged  within  some  user-defined  accuracy,  where  a  95%  Cl  (a  =  0.05)  corresponds  to  standard  normal 
probability  distribution  value  of  z^2  -  z.025  =  1-96.  We  continue  replications  until  the  difference  between 
upper  and  lower  confidence  interval  values  is  less  than  the  user-defined  accuracy  (typically  0. 1  mines). 
The  termination  conditional  relation  is  found  by  rearranging  Equation  7  into  Equations  8  and  9. 
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6  Analysis  and  Evaluation  of  Simulation  Experiments 

Extended  sets  of  simulations  were  run  for  each  of  the  eight  tactics,  in  both  types  of  minefields 
(uniformly  scattered  and  random  barrier).  Figure  1 1  shows  individual  replication  search  results  for  an 
expanding  box  search,  confirming  that  [0..10]  mines  were  found  per  search.  Figure  12  provides  a 
representative  plot  of  replication  MOE  results  for  an  expanding  box  search,  plotting  average  mines  detected 
and  standard  deviation  of  mines  detected,  all  versus  number  of  replications.  As  expected,  the  sample  mean 
and  sample  standard  deviation  converge  to  stable  values  as  the  number  of  replications  increases.  Stability 
can  be  determined  visually  (1000-5000  replications  are  typically  sufficient),  or  automatically  by  continuing 
replications  until  the  Cl  for  the  mean  is  within  predetermined  statistical  bounds  (as  specified  in  Equation  9). 


Figure  11,  Mines  found  by  Triangle  Detect  tactic 
versus  barrier  minefields,  all  within  legal  range  [0..10], 
shown  as  replication  count  increases.  The  distribution 
of  these  sample  values  appears  in  Figure  13  (lower). 
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Figure  12.  Aggregate  mean  and  aggregate  standard 
deviation  of  total-mines-found  MOE  for  Triangle 
Detect  tactic  versus  barrier  minefields,  shown  as 
replication  count  increases. 


Figures  13  and  14  plot  the  relative  effectiveness  of  all  eight  tactics  against  both  minefield  types  for 
each  of  the  two  MOEs  (number  of  mines  detected  and  area  searched).  Figure  15  shows  a  histogram  of 
Triangle  Detect  tactic  performance,  i.e.  the  distribution  of  replication  results  (raw  data  shown  in  Figure  11) 
which  contributed  to  MOE  Cl  values.  Many  interesting  conclusions  can  be  determined  from  these 
simulation  results. 


10-29 


Mines  Found:  Scattered  Minefield  (Mean  ±  Standard  Deviation) 
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Figure  13.  Measure  of  effectiveness  (MOE):  number  of  mines  found.  Bars  indicated  mean  ±  standard  deviation 
of  aggregate  simulation  experiments  for  eight  tactics  versus  two  types  of  minefield. 


N-S  Lawnmower  Expanding  Box  Horseshoe  Mod  Horseshoe 


Area  Searched:  Barrier  Minefield 


N-S  Lawnmower  Expanding  Box  Horseshoe  Mod  Horseshoe 


Figure  14.  Measure  of  effectiveness  (MOE):  percentage  area  searched.  Very  little  variation  in  performance  is 
evident,  even  for  tactics  which  include  some  repeated  traversal  across  boxes  already  searched.  A 
single  exception  is  the  Modified  Horseshoe  tactic  which  performs  poorly  against  scattered  minefields. 
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Triangle  Detect  Tactic  Performance  vs.  Scattered  Minefield 
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Figure  15.  Examination  of  Triangle  Detect  performance  over  all  search  replications  showing  results  distribution.. 


Our  first  analytic  conclusions  are  that  seven  of  the  eight  tactics  appear  roughly  equivalent  in  terms 
of  area  searched  (Figure  14).  This  is  not  surprising  since  the  tactics  produce  little  or  no  overlap  of 
previously  searched  boxes.  Close  inspection  prompted  by  low  performance  of  the  Modified  Horseshoe 
tactic  revealed  a  sporadic  flaw  in  the  mission  logic,  causing  it  to  stop  after  attempting  to  search  for  the  end 
of  a  potential  minefield  barrier.  These  results  are  useful  in  that  they  confirm  expectations  about  area 
search  and  also  reveal  a  previously  unsuspected  fault  in  one  of  the  tactics. 

Our  second  set  of  conclusions  is  that  all  working  tactics  detect  a  roughly  equivalent  number  of 
mines  when  working  against  a  uniformly  scattered  minefield  (Figure  13,  upper).  This  is  also  reasonable 
since  an  AUV  can  do  little  in  such  a  scenario  but  search  as  much  as  possible.  Furthermore  no  evidence 
leads  us  to  expect  that  a  new  tactic  might  do  better  than  these  in  such  a  minefield.  So  far  there  is  no 
compelling  reason  to  prefer  any  one  of  the  seven  working  tactics  over  another. 

Our  third  set  of  conclusions  is  surprising  and  useful.  Based  on  the  mines-found  MOE,  using  the 
mean  plus  standard  deviation  capped  at  a  maximum  of  10  (Figure  13,  lower),  it  appears  possible  for  any  of 
the  eight  tactics  to  find  most  mines  in  a  random  barrier  minefield.  However,  some  tactics  often  do  poorly 
as  evidenced  by  wide  standard  deviations.  Close  examination  of  MOE  variation  reveals  that  the  Triangle 
Detect  tactic  has  consistently  higher  performance  in  barrier  minefield  searches.  This  is  reasonable  since  the 
“detect”  tactics  exploit  the  possibility  that  mines  are  laid  in  a  line.  Perhaps  surprisingly.  Triangle  Detect  is 
consistently  superior  to  the  others.  We  therefore  conclude  that  Triangle  Detect  is  the  best  tactic  for  these 
search  scenarios. 

Our  final  conclusion  is  that  this  simulation  methodology  first  confirmed  our  expectations,  and  then 
provided  additional  information  on  relative  tactic  superiority  that  is  unavailable  by  other  means.  This 
approach  appears  useful  for  analyzing  many  types  of  real-world  problems. 


10-31 


7  Example  Mission  Generation  and  Virtual  World  Playback 

Phoenix  has  a  simple  mission  script  language 
for  AUV  control  that  is  similar  to  shipboard 
watchstander  orders  (Brutzman  96b,  97).  Analytic 
simulation  runs  can  produce  mission  scripts  to  fully 
record  the  robot  orders  needed  to  replicate  an  example 
search.  For  a  simple  search,  these  orders  can  be 
played  back  meaningfully  for  any  minefield.  More 
complex  searches  that  successfully  adapt  and  change 
strategy  based  on  detected  mine  location  (such  as 
Triangle  Detect)  can  be  directly  converted  into  robot 
tactical  code  for  in-water  use.  Figure  16  shows  an 
excerpt  from  the  simulated  expanding  box  search 
mission  script,  generated  by  a  single  search 
replication.  This  script  can  be  used  verbatim  to 
rehearse  analytic  simulation  results,  driving  the  AUV 
in  the  real  world  or  in  the  virtual  world. 

Once  simulated  search  mission  scripts  have 
been  generated,  they  can  be  played  back  in  the  virtual 
world  to  verify  correctness  of  individual  tactics. 

Figure  17  shows  an  example  view  from  behind  the  Figure  16.  mission. script.barrier. triangle  excerpt. 
AUV  as  it  starts  an  expanding  box  search.  AUV  and  (Brutzman  96d) 

mines  are  drawn  to  scale,  large  cylinders  are  drawn 

around  each  mine  to  suggest  standoff  range  and  to  permit  users  to  locate  mines  visually  from  a  distance. 
Completion  of  a  mission  produces  a  summary  geographic  plot  (Figure  18)  as  well  as  numerous  other  time- 
series  plots  of  AUV  physical  parameters.  Aside  from  present  physical  restrictions  on  vehicle  depth  and 
endurance,  missions  run  in  the  virtual  world  are  ready  to  be  run  in  real  world.  Detailed  results  of  all  eight 
tactie  simulations  are  available  in  an  online  archive  (Brutzman  96d). 


time  0 
position  65  65  20 
orientation  0  0  0 
course  0 

rpm  700  /*  2  knots  */ 

depth  20 
thrusters-on 
standoff-distance  10 

#  waypoint  X  Y  Z  #  grid  indices 

waypoint  65.6  65.6  20  #box  0  0 

waypoint  196.9  196.9  20  #box  1  1 

..  4.9  hours  of  additional  waypoints  omitted .. 

waypoint  459.3  1640.4  20  #box  3  12 

#  simulated  search  mission. script  complete 


Figure  17.  AUV  over-the-shoulder  view  of  barrier  Figure  18.  Geographic  plot  of  5-hour  Triangle  Detect 
minefield.  search.  Note  detection  of  lateral  barrier  minefield. 
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8  Conclusions 

Analytic  simulation  in  combination  with  virtual  world  rehearsal  is  a  valuable  new  methodology  for 
prototyping  underwater  robots  and  evaluating  search  tactics.  This  approach  appears  applicable  to  a  wide 
range  of  problems.  Technology  is  available  today  to  build  an  oceangoing  AUV  that  can  effectively  conduct 
rapid  minefield  search  in  support  of  fleet  requirements.  The  NPS  Center  for  AUV  Research  continues 
developmental  work  on  computer  software  and  hardware  requirements  for  constructing  low-cost,  stable, 
mission-capable  AUVs. 
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TRANSITION  AND  R&D  RECOMMENDATIONS  RESULTING  FROM  THE 
MCM  TACTICAL  ENVIRONMENTAL  DATA  SYSTEM  (MTEDS)  PROGRAM 

Samuel  G.  Tooma 
Daniel  F.  Lott 

Seafloor  Sciences  Branch 
Marine  Geosciences  Division 
Naval  Research  Laboratory 
Stennis  Space  Center,  MS  39529 


Abstract  —  During  the  period  August  1992  through  September 
1995,  the  Naval  Research  Laboratory  (NRL)  conducted  a 
program  entitled  “MCM  Tactical  Environmental  Data 
System”  (MTEDS).  The  objective  of  this  program  was  to 
demonstrate  at  sea  a  capability  to  make  in  situ  measurements 
of  environmental  parameters  needed  for  real  time  use  by  the 
MCM  tactical  action  officer  for  optimum  utilization  of 
available  MCM  assets.  This  program  addresses  the  deficiency 
that  the  MCM  fleet  does  not  have  an  on-board  capability  to 
make  these  measurements  and,  therefore,  must  rely  on 
climatological/historical  data  bases.  Although  historical 
information  is  adequate  for  MCM  planning,  it  clearly  is  not 
acceptable  for  determining  tactical  mode  settings  in  the  highly 
dynamic  littoral  regions  where  MCM  operations  will  be 
conducted.  The  major  milestone  of  the  MTEDS  program  was 
an  at-sea  demonstration  of  the  desired  capability.  The 
objectives  of  this  sea  test  were  to  demonstrate  that  selected 
environmental  data  critical  to  MCM  tactical  decision-making 
can  be:  (1)  measured  in  situ;  (2)  collected  while  underway  at 
4-5  kn;  (3)  stored  in  an  off-the-shelf  data  base  management 
system  residing  within  a  Navy-standard  desktop  workstation; 
(4)  displayed  on  the  workstation  screen  in  real  time;  and  (5) 
used  by  resident  algorithms  to  predict  information  of  tactical 
importance  to  MCM  (e.g.,  mine  burial  probability).  These 
objectives  were  all  met  during  this  sea  trial,  and  the  following 
environmental  data  were  collected:  (1)  survey  quality 
bathymetry  using  the  ship’s  echo  sounder  and  the  Applied 
Research  Laboratory:  University  of  Texas  (ARL:UT)  collection 
and  processing  hardware;  (2)  water  current  velocity  profiles 
via  a  hull-mounted,  off-the-shelf  acoustic  Doppler  current 
profiler;  (3)  seafloor  sediment  classification  using  the  ship’s 
echo  sounder  transducer  and  NRL’s  acoustic  seafloor 
classification  system  processor;  (4)  sound  speed  profiles  using 
an  off-the-shelf  depth  excursion  tow-fish  and  an  off-the-shelf 
conductivity,  temperature,  and  depth  profiling  system;  (5) 
AN/SQQ-32  sonar  reverberation  data  via  recorded  SQQ-32 
sonar  data  provided  by  ARL:UT;  and  (6)  differential  GPS 
using  the  ship’s  navigation  system. 

A  follow-on  major  milestone  was  an  at-sea  demonstration  of 
selected  MTEDS  environmental  measurement  capabilities 
from  an  MCM  ship.  This  was  achieved  during  the  PURPLE 
STAR  MCM  exercise  from  USS  WARRIOR  (MCM-10). 


From  the  MTEDS  program,  a  list  of  recommended  sensors, 
combined  with  existing  ship  combat  systems  such  as  the  SQQ- 
32  sonar,  has  been  developed  and  which  outlines  specific 
transition  recommendations  for  providing  a  real  time 
environmental  monitoring  capability  for  all  MCM  ships. 


1.  INTRODUCTION 

Mine  countermeasures  (MCM)  operations  are 
significantly  affected  by  the  natural  environment  [1]. 
Tactical  considerations  such  as  system  mode  settings,  ship 
and  helicopter  track  spacing,  and  optimum  utilization  of 
assets  are  all  driven  by  the  existing  environmental 
conditions  in  the  operation  area.  The  environmental  impact 
can  be  so  great  that  the  most  basic  of  MCM  tactical 
decisions,  sweep  or  hunt,  is  often  driven  by  the 
environment.  Relative  to  individual  MCM  systems,  such  as 
the  mine  hunting  sonar,  knowledge  of  the  environment  can 
produce  “go/no  go”  decisions.  For  example,  poor  acoustic 
conditions  or  high  likelihood  of  mine  burial  can  severely 
reduce  the  effectiveness  of  acoustic  minehunting  and  force 
the  need  to  rely  on  influence  sweeping.  Significantly 
complicating  this  situation  is  that  the  environmental 
conditions  which  exist  in  almost  all  littoral  regions  of  the 
world  where  MCM  operations  are  likely  to  be  conducted  are 
extremely  variable  in  both  space  and  time.  Oceanographic, 
bottom,  acoustic,  and  meteorological  conditions  which  exist 
at  a  location  at  one  point  in  time  can  be  significantly 
different  just  a  few  hundred  meters  away  or  within  a  few 
hours  (e.g.,  after  a  squall  passes  or  the  tide  changes). 
Because  of  this  temporal  and  spatial  variability, 
climatological  data  bases  of  an  area,  if  they  exist  at  all,  are 
not  adequate  for  supporting  MCM  on-scene  tactical  decision 
making.  To  address  this  problem,  a  capability  is  required  to 
monitor  the  environmental  conditions  diuing  an  MCM 
operation  and,  based  on  changing  environmental 
conditions,  to  continually  adjust  mode  settings  and  tactical 
utilization  of  assets  as  the  operation  proceeds.  Presently, 
the  US  Navy  does  not  have  this  capability. 
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In  July  1991,  following  the  Persian  Gulf  War,  the  Office 
of  Naval  Technology  of  the  Office  of  Naval  Research  issued 
guidance  for  developing  a  technical  program  designed  to 
address  the  environmental  deficiency  described  above.  This 
guidance  had  the  following  requirements.  The  program 
must: 

-  Support  MCM  Tactical  Decision-Making  Using  In 
Situ  Environmental  Information 

Use  Off-The-Shelf  Sensor  Technology  Whenever 
Possible 

-  Use  Combat  Systems  Organic  to  MCM  Ships  for 
Environmental  Data  Collection  Whenever  Feasible 

-  Provide  Benefits  to  the  Fleet  in  the  Near  Term  (5  to  7 
years) 

-  Integrate  Capabilities  Into  Existing  or  Planned  MCM 
Combat  Systems,  Whenever  Feasible 

-  Demonstrate  Capability  Via  an  At-Sea  Test  in  FY95 

-  Begin  Transition  to  6.376.4  in  FY96 

The  Naval  Research  Laboratory  (NRL),  Stennis  Space 
Center,  MS  convened  a  2-day  workshop  at  Diamondhead, 
MS  in  January  1992  to  define  the  focus  of  a  program 
proposal  that  addressed  the  above  criteria.  The  resultant 
proposal,  entitled  “MCM  Tactical  Environmental  Data 
System  (MTEDS)”  was  formulated  and  submitted  to  ONT 
for  review  in  April  1992.  The  proposal  was  reviewed  by  the 
ONT  review  panel  and  accepted  in  June  1992.  Initial 
funding  was  received  by  NRL  in  August  1992.  Upon 
receipt,  funds  were  immediately  forwarded  by  NRL  to  the 
other  two  major  participants  of  the  MTEDS  program,  the 
Naval  Surface  Warfare  Center,  Coastal  Systems  Station 
(CSS)  in  Panama  City,  FL  and  the  Applied  Research 
Laboratory  at  the  University  of  Texas  (ARL:UT)  in  Austin, 
TX. 

The  basic  objective  of  the  MTEDS  program  was  to 
demonstrate  an  in  situ  capability  for  making  critical 
environmental  measurements.  These  measurements  would 
be  used,  in  turn,  for  real  time  use  by  the  MCM  tactical 
action  officer  to  optimize  utilization  of  available  MCM 
assets.  The  focus  of  this  effort  was  to  address  issues 
associated  with  performance  prediction  of  the  AN/S(5Q-32 
mine  hunting  sonar,  tactics  and  handling  of  the  MCM  ship 
and  mine  neutralization  vehicle,  prediction  of  mine  burial 
upon  impact  with  the  bottom,  prediction  of  magnetic  swept 
path,  and  performance  prediction  of  optical  minefield 
recoimaissance  sensors. 

The  MTEDS  program  has  been  successfully  carried  out. 
Two  at-sea  demonstrations  were  conducted.  The  first  was 
performed  from  the  R/V  SEWARD  JOHNSON  during  7-14 


Februaiy  1995  in  a  test  area  60  nmi  west  of  Key  West,  FL, 
and  the  second  was  performed  from  the  USS  WARRIOR 
(MCM-10)  as  part  of  the  MCM  exercise  PURPLE  STAR 
within  Onslow  Bay  off  North  Carolina.  The  first  test  was 
more  science  oriented  and  was  designed  to  verify 
performance  of  the  full-up  suite  of  on-board  sensors.  The 
second  test  was  more  operationally  oriented  and  focused  on 
the  use  of  sensors  normally  installed  on  MCM  ships 
(AN/SQQ-32  minehunting  sonar,  AN/UQN-4  fathometer, 
TR-192B  transducer,  and  differential  GPS  navigation 
system).  Based  on  the  results  of  these  demonstrations, 
techniques  and  methodologies  for  providing  a  real  time 
environmental  measurement  capability  for  MCM  ships  have 
been  defined.  The  purpose  of  this  report  is  to  concisely 
document  the  recommendations  derived  from  the  MTEDS 
program  so  that  transition  sponsors  will  have  a 
recommended  definition  of  the  way  ahead  for  providing  this 
capability  on-board  US  Navy  MCM  ships. 


II.  DISCUSSION 

A.  General 

The  detailed  approach  used  to  meet  the  MTEDS  objective 
given  above  is  provided  in  the  MTEDS  Master  Plan  [2]. 
Basically,  this  approach  involved:  (1)  conducting  several 
separate  but  interrelated  technical  tasks;  (2)  using  several 
sea  tests  designed  to  test  the  various  environmental  sensors 
selected  for  the  program;  (3)  developing  interfaces  for 
formatting  and  “conditioning”  the  resultant  environmental 
data  for  inclusion  into  an  off-the-shelf  data  base 
management  system;  (4)  developing  simple  graphical  user 
interfaces  to  display  the  data;  and  (5)  making  the  data 
available  for  algorithms  designed  to  predict 
environmental/acoustic  conditions,  to  predict  MCM  system 
performance,  and  to  make  tactically  useful  predictions  such 
as  mine  burial  probability.  The  culmination  of  this  effort 
was  the  at-sea  demonstrations  where  all  these  capabilities 
were  functioning  at  the  same  time. 

B.  Technical  Tasks 

The  MTEDS  program  consisted  of  eight  technical  tasks. 

1)  Ground  Truth  Area  Selection  and  Characterization: 
The  objectives  of  this  task  were  to:  (a)  select  three  sea  test 
areas  which  would  provide  a  range  of  typical  MCM 
operational  enviromnents  for  testing  the  various  MTEDS 
sensors  and  systems;  and  (b)  characterize  these  areas  by 
building  as  complete  an  environmental  data  base  as  possible 
using  available  historical  data  [3]. 
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2)  Sediment  Classification  and  Airborne  Electromagnetic 
System  Development:  The  objectives  of  this  task  were  to: 
(a)  develop  and  demonstrate  a  remote  sensing  technique 
which  would  provide  environmental  parameters  required  for 
computing  the  magnetic  swept  path  generated  by  MCM 
magnetic  sweeping  gear  [4];  and  (b)  develop  and 
demonstrate  a  near  real  time,  remote  sediment  classification 
capability  that  would  provide  sediment  geotechnical 
properties  required  by  mine  burial  and  sonar  performance 
prediction  models  [5],  [6], 

3)  Sensor  Integration  and  Interfacing  with  Prototype 
Software  and  Computers:  The  objectives  of  this  task  were 
to:  (I)  demonstrate  the  feasibility  of  integrating 
environmental  sensor  and  navigation  system  outputs  via  a 
common  interface  for  input  into  a  geographic  information 
system  (GIS)  data  base  residing  within  a  Navy  standard 
desktop  workstation  [7];  (2)  conduct  at-sea  testing  of 
selected  off-the-shelf  environmental  sensors  for  their  ability 
to  provide  data  at  the  resolutions  required  by  the 
environmental  and  MCM  algorithms  [8],  [9];  and  (3) 
demonstrate  the  potential  of  shipboard  combat  systems  (e.g., 
the  AN/SQQ-32  mine  hunting  sonar  and  AN/UQN-4 
fathometer)  to  provide  needed  environmental  information 
[10],  [11], 

4)  Data  Base  Architecture  Construction:  In  order  to 
demonstrate  that  collected  environmental  data  could  be  used 
in  real  time  for  support  of  MCM  tactical  decision  making,  it 
was  necessary  to  have  the  capability  to  store  the  measured 
data  in  a  GIS,  display  the  data,  and  have  the  data  accessible 
to  algorithms  needing  them  to  make  their  predictions. 
Therefore,  the  objective  of  this  task  was  to  provide  an 
optimum  architecture  which  would  allow  for  maximum 
interaction  capability  between  in  situ-collected 
environmental  data,  historical  data  bases,  environmental 
and  system  performance  prediction  algorithms,  and  tactical 
system  operators  aboard  the  MCM  ship.  This  task  also 
included  the  design  of  a  graphical  user  interface  and  a  data 
visualization  scheme  to  enhance  user  interaction  with  the 
MTEDS  capability  and  assure  data  quality  during 
acquisition  [7]. 

5)  Environmental  Algorithm  Selection,  Modification,  and 
Development:  The  objective  of  this  task  was  to  identify, 
modify,  and  develop,  if  necessary,  environmental,  acoustic, 
and  tactical  environmental  models  to  include  recent 
improvements  in  shallow  water  environmental  modeling. 
Because  of  funding  and  time  constraints  of  the  MTEDS 
program,  the  focus  of  this  task  was  to  identify  the  “best” 
existing  shallow  water  models  rather  than  develop  new 
models  [12],  [13]. 


6)  Combat  System  Definition  and  Prototype  Tactical 
Algorithm  Selection,  Modification,  and  Development:  The 
objectives  of  this  task  were  to:  (a)  define  and  prototype  a 
tactical  decision  aid  system  which  links  environmental 
measurement  technology  with  existing  combat  systems 
within  the  MCM  ship;  and  (b)  prototype  automated  tactical 
decision  aid  software  to  use  measured  environmental  data. 
With  respect  to  the  latter,  MCM  tactical  decision  aids  are 
mostly  in  the  form  of  look-up  tables  and  nomograms  within 
the  NWP-27  series  publications  (the  standard  operating 
procedure  (SOP)  manuals  for  MCM)  and  use  environmental 
data  provided  in  the  Mine  Warfare  Pilots  (historical 
environmental  data  compiled  by  the  Naval  Oceanographic 
Office  for  selected  areas).  This  task  involved,  whenever 
possible,  the  coding  of  these  SOPs  to  run  on  the  Navy 
standard  desktop  workstation  and  to  use  environmental  data 
measured  in  situ. 

7)  MTEDS  Documentation  Preparation  and 
Demonstration:  The  objectives  of  this  task  were  to:  (a) 
conduct  a  fiill-up  demonstration  of  the  MTEDS  capabilities 
at  sea;  and  (2)  prepare  final  reports  which  fully  document 
all  technical  aspects  of  the  MTEDS  capability. 

8)  Environmental  Tactical  Decision  Aid  Development  for 
the  MH-53  Helicopter:  This  task  was  included  in  the 
MTEDS  program  in  order  to  provide  some  enviroiunental 
support  for  the  MH-53  helicopter,  the  airborne  MCM 
component.  The  objective  of  this  task  was  to  develop  a 
Compressed  Nautical  Chart  (CNC)  of  the  demonstration 
test  area  that  was  compatible  with  the  Navy  standard 
Compressed  Aeronautical  Chart  (CAC)  data  base.  Both  the 
MH-53  and  the  Navy  Tactical  Command  System-Afloat 
have  validated  requirements  for  CNCs.  Therefore,  in  direct 
support  of  the  MH-53  mission  planners,  this  task  would 
incorporate  the  CNC  into  a  GIS  in  which  multiple  data 
bases  (e.g.,  side  scan  sonar  acoustic  imagery,  bathymetry, 
mine-like  contacts,  shorelines,  and  environmental  update 
information)  could  be  overlaid  onto  the  CNC  base  map 
already  available  to  the  MH-53.  This  capability  would 
significantly  improve  tactical  decision  support  to  this 
platform  [12]. 

C.  At-Sea  Demonstrations 

The  major  milestone  of  the  MTEDS  program  was  the  at-sea 
demonstration  conducted  during  7-14  February  1995 
approximately  60  nmi  west  of  Key  West,  FL.  The 
demonstration  was  part  of  the  month-long  (1-28  February) 
Key  West  Campaign,  a  major  multi-national,  multi¬ 
discipline  field  effort  centered  around  the  Coastal  Benthic 
Boundary  Layer  research  program  funded  by  the  Office  of 
Naval  Research  and  led  by  the  Naval  Research  Laboratory. 
The  Key  West  Campaign  was  supported  by  four 
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oceanographic  research  vessels  and  by  more  than  100 
scientists  and  technicians  representing  five  countries  [15], 
The  RA^  SEWARD  JOHNSON,  operated  by  the  Harbor 
Branch  Oceanographic  Institution  in  Ft.  Pierce,  FL  was 
used  for  the  MTEDS  demonstration.  Fig.  1  provides  a  Key 


Fig.  1.  Dry  Tortugas  test  site  used  for  MTEDS  Demo 

West  Campaign  location  chart.  The  lines  depicted  in  the 
Dry  Tortugas  test  area  represent  the  tracklines  of  the 
MTEDS  demonstration. 

The  objective  of  the  sea  test  was  to  demonstrate  that 
selected  environmental  data  critical  to  MCM  tactical 
decision-making  could  be: 

-  Measured  in  situ 

-  Collected  while  underway  at  4-5  kn 

-  Stored  in  an  off-the-shelf  data  base  residing  within  a 
Navy  standard  computer  workstation 

-  Displayed  on  the  workstation  screen  in  real  time 

-  Used  by  resident  algorithms  to  predict  information  of 
tactical  importance  to  MCM  (e.g.,  mine  burial  probability 
and  percent  of  mine  buried) 

The  data  collected  during  this  demonstration  were: 

-  Bathymetry  using  the  ship’s  echo  sounder  and  the 
ARL:UT  collection  and  processing  hardware' 

-  Water  Current  Velocity  profile  using  a  hull-mounted 
ofF-the-shelf  Acoustic  Doppler  Current  Profiler  (ADCP) 
(manufactured  by  RD  Instruments,  Inc.) 

-  Seafloor  Sediment  Classification  using  the  ship’s  echo 
sounder  transducer  and  NRL’s  Acoustic  Seafloor 
Classification  System  (ASCS)  processor 

-  Sound  Speed  Profile  using:  (1)  the  off-the-shelf 
Aquashuttle  system  (manufactured  by  Chelsea  Instruments, 


1  The  bathymetry  recording  and  processing  capability  was 
developed  by  ARL:UT  using  funds  provided  by  the  Defense 
Mapping  Agency  (DMA). 


Ltd);  and  (2)  a  CTD  system  (manufactured  by  General 
Oceanics) 

-  SQQ-32  sonar  reverberation  statistics^ 

-  Differential  GPS 

A  second  at-sea  demonstration  was  conducted  in  Onslow 
Bay,  NC  on  27-28  April  1996  using  the  MCM  ship  USS 
WARRIOR  (MCM-IO).  The  objective  of  this  sea  test  was  to 
demonstrate  that  selected  environmental  parameters  could 
be  collected  from  an  MCM- 1 -class  ship  using  combat 
sensors  normally  installed  on  the  ship.  The  same  objectives 
as  the  Key  West  test  applied  during  this  demonstration  [16]. 
The  environmental  parameters  collected  were  bathymetry, 
sediment  properties,  and  reflection  loss  using  the  UQN-4 
transducer,  bottom  reverberation  statistics,  using  the  SQQ- 
32  sonar,  and  precise  navigation  using  the  ship’s 
differential  GPS.  In  addition,  CTD  lowerings  were  made, 
and  the  resultant  sound  speed  profile  data  were  entered  into 
the  data  base.  It  is  important  to  note  that  in  the  Onslow  Bay 
test,  the  ship’s  minehunting  sonar,  the  SQQ-32,  was  the 
only  sensor  used  to  collect  the  quantified  reverberation 
statistics  data. 

All  the  objectives  of  the  two  demonstrations  were  met,  and 
a  fairly  clear  picture  of  the  recommendations  for  transition 
of  an  MTEDS  capability  to  MCM  ships  has  evolved.  These 
recommendations  are  presented  below. 


III.  RECOMMENDATIONS 
A.  Transition  Recommendations 

1)  Water  Column  Currents:  The  commercial  RD 
Instruments,  Inc.  ADCP  tested  during  this  program  appears 
to  be  a  reliable  and  stable  instrument.  The  particular 
system  chosen  (150  kHz,  Direct  Read)  was  selected  because 
of  the  published  maximum  depth  capability  of  300  m,  which 
conforms  to  the  criteria  set  forth  in  the  initial  MTEDS 
design  workshops.  However,  investigation  has  shown  that 
the  most  reliable  data  from  this  instrument  occur  to  a  depth 
of  approximately  250  m  [8].  Since  the  great  majority  of 
MCM  operations  will  occur  in  water  depths  less  than  150 
m,  a  higher  frequency  (thus  shallower  depth  capability), 
higher  resolution  system  would  provide  improvements  over 
the  system  tested.  Therefore,  the  RD  Instruments  300  kHz 
broadband  system  is  recommended  for  transition  in  the  near 
term.  This  system  weighs  about  6  kg  with  a  transducer  that 
is  227  mm  in  diameter  and  181  mm  in  length.  This  system 


2  The  R/V  SEWARD  JOHNSON  was  not  equipped  with  an 
SQQ-32  minehunting  sonar;  therefore,  recorded  SQQ-32  sonar 
data  was  provided  by  ARL:UT  and  played  back  in  real  time 
simulating  minehunting  sonar  operations. 
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is  available  with  composite  plastics,  is  compatible  with 
various  anti-fouling  paints,  and  has  mateable  underwater 
connectors.  The  300  kHz  model  provides  a  profiling  range 
of  5  to  150  m  and  has  a  vertical  resolution  cell  of  1  to  16  m, 
depending  on  water  depth  of  the  cell.  This  system  can 
provide  data  in  1  to  128  depth  cells  at  ping  rates  of  up  to  5 
per  sec.  This  recommended  system  also  requires  low  power 
(0. 1  to  8.0  W  average)  and  is  relatively  maintenance  free. 

Recently,  the  Applied  Research  Laboratory  at  Penn  State 
University  (ARLiPSU)  has  conducted  tests  on  the  capability 
of  the  RD  Instruments  300  kHz  system  to  provide  an 
acceptable  bottom  track  capability  [17].  Based  on  their  test 
results,  Bamhoff  and  Culver  [17]  concluded  that  this  system 
can  provide  accurate  estimates  of  course  and  speed  over 
ground  when  the  heading  remains  reasonably  steady. 
Further  testing  is  recommended  to  determine  whether  the 
RD  Instruments  system  is  an  acceptable  replacement  for  the 
MK  610  Doppler  Velocity  Log  presently  installed  on  MCM 
ships. 

2)  Sediment  Classification  and  Prediction  of  Impact  Mine 
Burial:  Using  the  MCM  ship’s  AN/UQN-4  fathometer’s  12 
kHz  transducer  (TR-192B),  the  NRL  Acoustic  Seafloor 
Classification  System  (ASCS)  provides  a  reliable  system  for 
giving  estimates  of  sediment  type  and  sediment  properties 
which  are  used  for  predicting  burial  of  mines  on  impact. 
Certainly,  the  accuracy  of  the  estimates  can  be  improved 
with  a  transducer  that  can  generate  a  narrower  beam  than 
the  TR-192B.  However,  in  the  near  term,  the  following 
configuration  is  recommended  for  MCM  ships. 

The  existing  UQN-4  fathometer  control  electronics  should 
be  disconnected  from  the  TR-192B  transducer,  and  the 
ASCS  system  should  be  connected  to  the  transducer  through 
the  present  cable  setup.  The  ASCS  software  will  then  be 
used  to  control  all  functions  of  the  ship’s  bathymetric 
system.  This  configuration  can  be  used  to  provide  a  digital 
readout  of  water  depth  on  the  ship’s  bridge  and  anywhere 
else  that  water  depth  readings  are  required.  With  this  setup, 
sediment  classification  data  can  be  collected  at  sea  from  the 
existing  transducer  while  still  providing  critical  water  depth 
information  to  the  ship’s  officers  and  crew.  Although  no 
real  time  paper  output  is  presently  provided  by  the  ASCS, 
this  function  could  be  integrated  into  the  system,  if  desired. 
The  output  from  the  ASCS,  which  includes  sediment  type, 
mine  burial  potential,  and  selected  sediment  properties,  can 
be  sent  in  real  time  to  the  ship’s  TAC-3/4  computer  (or  any 
future  MCM  Tactical  Decision  Aid  (TDA)  system)  for 
plotting  and/or  inclusion  into  a  data  base  for  storage  and 
use  by  algorithms  requiring  the  information.  The  data  can 
also  be  transmitted  to  any  other  user  (ships,  ground 
facilities.  Naval  Oceanographic  Office,  etc.)  via  the  Navy 
standard  O'*!  system. 


Although  the  ASCS  is  presently  not  a  so-called  turnkey 
system,  it  can  be  configured  to  provide  a  turnkey  capability 
for  MCM  purposes.  All  the  system’s  controls  are  contained 
in  the  software  and  can  be  preset  for  a  standard  MCM 
operation.  However,  it  is  recommended  that  a  capability  be 
provided  which  will  allow  an  operator  to  produce  near  real 
time  mine  burial  potential  maps  while  on-scene.  This  latter 
capability  can  be  incorporated  into  the  near  term 
configuration  as  recommended,  or  can  be  integrated  into 
any  planned  MCM  TDA. 

The  above  near  term  recommendation  is  based  on  the 
assumption  that  the  present  UQN-4  bathymetric  system  will 
not  be  replaced  in  the  near  future.  There  is  the  potential, 
however,  that  the  Hydrographic  Data  Recording  System 
(HDRS)  capability  being  developed  by  ARL:UT  (a  Defense 
Mapping  Agency-sponsored  program)  could  be  incorporated 
onto  MCM  ships  to  provide  a  mapping  capability  in  shallow 
water  areas.  During  the  MTEDS  demonstrations  conducted 
off  Key  West,  FL  and  on  the  PURPLE  STAR  MCM  exercise 
off  North  Carolina,  the  HDRS  system  used  the  UQN-4  to 
provide  the  bathymetric  data  needed  to  generate  bathymetry 
maps.  The  raw  output  from  the  HDRS  was  ported  directly 
to  the  ASCS  to  be  recorded,  displayed  in  real  time,  and  used 
to  estimate  sediment  properties  and  mine  burial  potential. 
This  technique  was  used  successfully  on  two  separate  sea 
trials  and  can  be  integrated  into  the  MCM  ships  with  no 
significant  development  efforts. 

The  present  ASCS  hardware  configuration  consists  of  two 
PC  desktop  workstations,  a  power  amplifier,  and  a  printer. 
Because  of  space  constraints  on  MCM  ships,  it  is 
recommended  that  the  present  configuration  be  combined  to 
utilize  one  workstation,  perhaps  a  laptop  computer  with  a 
docking  station,  which  allows  a  selection  of  displays 
including  a  go/no  go  color  map  format  depicting  mine 
burial  probability,  a  system  information  text  display,  and  a 
trackline  plot  of  sediment  type  and/or  mine  burial 
probability.  With  respect  to  the  latter,  the  same  go/no  go 
color  scheme  can  be  used  as  the  map  display. 

3)  Bathymetry:  The  ability  to  use  the  AN/UQN-4  Navy 
standard  echo  sounder  to  provide  a  digital  record  of 
bathymetry  in  shallow  water  has  been  clearly  demonstrated 
on  the  MTEDS  program.  Furthermore,  the  information 
collected  from  this  system:  (1)  is  used  by  the  NRL  ASCS 
for  determining  sediment  type,  properties,  and  mine  burial 
potential;  and  (2)  provides  acoustic  reflection  loss.  Once 
several  gridded  track  lines  are  run  in  an  MCM  objective 
area,  maps  of  the  above  parameters  can  be  generated.  A 
point  of  note  on  this  issue,  and  discussed  above,  is  that  the 
data  logging  functions  can  be  accomplished  without 
interfering  with  the  normal  operation  of  the  echo  sounder. 
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To  provide  this  capability  to  the  MCM  ships  in  the  near 
term,  it  will  be  necessary  to  design  and  build  a  data 
collection  unit  and  to  modify  existing  software  to  meet  the 
necessary  military  standards.  This  unit  would  be  small 
(briefcase  size)  and  would  be  installed  in  the  MCM  ship’s 
chart  room.  Wiring  to  connect  this  unit  to  the  tactical 
computer  in  CIC  will  be  required. 

To  enhance  the  capability  to  determine  sediment 
classification  using  NRL’s  ASCS  discussed  above,  it  is 
recommended  that  a  calibration  test  set  be  developed  to 
allow  rapid  calibration  of  the  echo  sounder  at  the  pier.  This 
unit  would  be  lowered  over  the  side,  and  the  sensor  would 
determine  acoustic  output  and  receiver  sensitivity  of  the 
echo  sounder. 

4)  Bottom  Reverberation;  The  MTEDS  program 
demonstrations  showed  that  the  reverberation  field 
generated  and  sensed  by  the  AN/SQQ-32  mine  hunting 
sonar  can  be  quantified  and  logged.  The  data  logging 
functions  evolved  from  the  test  and  development  algorithms 
used  in  the  performance  evaluation  studies.  Furthermore,  it 
was  shown  that  the  logging  functions  could  be  achieved 
without  interfering  with  the  normal  operations  of  the 
minehunting  sonar. 

To  provide  this  capability  to  the  SQQ-32-equipped  MCM 
ships  in  the  near  term,  it  is  recommended  that  a  data 
collection  unit  be  designed  and  built  and  that  the  present 
software  be  modified  to  meet  necessary  military  standards. 
This  data  collection  unit  could  be  located  in  the  “lower 
sound”  area  of  the  MCM  ship.  Wiring  from  the  data 
collection  unit  to  the  tactical  computer  in  CIC  will  be 
required. 

In  the  longer  term,  it  is  recommended  that  the  capabilities 
of  the  data  collection  unit  be  integrated  into  the  sonar  itself 
as  part  of  the  Pre-Programmed  Product  Improvement  (P^I) 
program  of  the  SQQ-32  sonar. 

5)  Water  Column  Properties  (Sound  Speed  and 
Visibility):  During  the  MTEDS  program,  an  off-the-shelf 
system  manufactured  in  the  United  Kingdom  was  used  to 
test  the  concept  of  collecting  a  sound  speed  profile  while 
underway.  This  system,  as  configured,  had  limitations  for 
meeting  the  MTEDS  requirements  [9];  the  towfish  required 
speeds  of  10  kn  or  greater,  the  fish  had  to  be  deployed  and 
towed  from  the  stem,  and  deeper  depths  than  our  test  area 
(30  m)  were  desired  for  deployment.  The  latter  restriction 
was  imposed  by  NRL  scientists  not  wanting  to  “ground”  the 
fish  into  the  bottom  due  to  their  unfamiliarity  in  using  the 
newly-acquired  system.  However,  despite  these  limitations, 
the  concept  of  collecting  sound  speed  data  while  underway. 


storing  the  data  in  a  database,  and  using  it  for  tactical 
purposes  was  clearly  demonstrated.  During  the  period  that 
the  MTEDS  program  was  conducted  (Aug  92-Sep  95),  new 
commercial  systems  able  to  meet  the  MTEDS  requirements 
were  developed.  One  particular  system  manufactured  in 
Canada  appears  to  offer  many  advantages  over  the  system 
tested.  This  system  can  be  deployed  and  towed  from  the 
side  of  the  ship  at  speeds  from  0  to  25  kn.  The  winch 
component  is  computer-controlled  with  automatic 
deployment  and  recovery,  thereby  providing  deployment  on 
command  with  minimum  involvement  by  the  ship’s  crew. 
It  is  recommended  that  an  effort  be  conducted  which 
evaluates  the  capabilities  of  this  system  relative  to  meeting 
MCM  requirements  for  providing  a  sound  speed  and  a 
water  visibility  profile  while  underway  for  use  in  real  time. 

The  Canadian  system  is  being  suitably  modified  to  operate 
in  water  depths  of  200  m  or  less  and  is  being  configured 
with  CTD  and  optical  sensors.  This  system  includes  a  free- 
fall  fish,  winch  and  conductor  cable,  boom-overboarding 
sheave,  docking  chute,  hydraulic  system,  and  a  control/data 
storage  system.  All  components  except  for  the  control/data 
storage  computer  would  be  installed  in  a  single  base 
structure  with  dimensions  of  123  by  98  cm.  Approximate 
weight  of  this  component  would  be  approximately  273  kg. 
The  single  base  structure  is  suitable  for  deployment  off 
either  side  of  the  ship. 

6)  Electrical  Properties  of  Water  Column  and  Sediments: 
Presently,  the  US  MCM  force  relies  on  Magnetic  Capability 
and  Safety  (MACAS)  surveys  to  provide  the 
electrical/conductivity  parameters  of  the  water  column  and 
sediments  needed  to  determine  the  swept  path  width  of  its 
magnetic  mine  sweeping  equipment.  The  MACAS  surveys 
are  expensive,  time  consuming,  laborious,  and  sometimes 
not  possible  due  to  political  denial  of  access  to  key  littoral 
regions  of  the  world.  Therefore,  use  of  such  a  capability  as 
NRL’s  Airborne  Electromagnetic  Measurement  (AEM) 
system,  which  can  collect  the  required  data  by  helicopter  at 
90  knots,  in  areas  too  shallow  for  most  deep-drafted  survey 
ships,  and  which  does  not  require  an  in-water  sensor  (the 
AEM  sensor  is  a  “bird”  rather  than  a  “fish”)  is  highly 
desirable. 

During  the  MTEDS  program,  co-located  data  were 
collected  by  NRL’s  AEM  system  and  the  Naval 
Oceanographic  Office’s  MACAS  system  to  address  the 
feasibility  of  using  the  AEM  measurements  to  provide 
MACAS-comparable  data.  Comparisons  of  the  resulting 
data  sets  demonstrated  that  the  AEM  has  great  potential  for 
replacing  MACAS  [4].  Although  it  was  shown  that  the 
AEM  can  acquire  reasonable  average  estimates  of  the 
MACAS  parameters  along  profiles  which  are  needed  to 
determine  magnetic  swept  path  (differences  of  2  to  6 
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percent  were  observed),  various  uncertainties  in  comparing 
the  co-located  data  forced  the  conclusion  that  the  ARM 
technology  needs  further  testing.  These  differences  can  be  a 
result  of  one  or  more  of  the  following;  (1)  the  AEM  has 
lateral  resolutions  of  50-100  m  while  MACAS  has 
resolutions  of  1-1.5  km;  (2)  penetration  depth  limitations 
constrain  use  of  the  AEM  technique  to  a  water  depth  of  less 
than  30  m  where  MACAS  is  operational  to  60  m;  (3) 
MACAS  provides  constant  conductivity  along  each  profile 
and  AEM  provides  continuous  conductivity;  (4)  different 
system  noise  characteristics  exist  due  to  potentially  higher 
platform  motion  of  the  airborne  AEM  system  which  can 
result  in  lower  signal  to  noise  ratios  for  the  AEM  data  than 
that  provided  by  the  more  stable  MACAS  measurements; 
and  (5)  MACAS  requires  a  single-step  processing  inversion 
for  the  current  environmental  parameters  while  AEM 
requires  a  2-step  interpretation  (a  three-layer  physical 
model  is  first  constructed  and  then  transformed  into  the 
MACAS  model).  Although  it  is  likely  that  the  AEM 
capability  is  superior  to  the  Navy-standard  MACAS  survey 
approach  for  water  depths  less  than  25-30  m,  further 
research  and  testing  is  needed  to  increase  the  fundamental 
understanding  of  AEM/environmental  interactions  (e.g., 
frequency  response  inversion  stability  in  various  geologic 
settings  under  realistic  noise  conditions)  to  clarify 
relationships  between  MACAS  and  AEM  results  over  a 
variety  of  sediment  types.  In  addition,  it  has  been  validated 
that  the  AEM  can  accurately  measure  water  depths  and 
water  conductivity  over  several  coastal  environments  and 
this  information  alone  can  provide  valuable  information  to 
estimate  first  order  environmental  models.  Therefore,  AEM 
has  the  potential  of  providing  the  critical  environmental 
information  needed  to  assess  MCM  sweep  performance  in 
many  portions  of  the  world  that  are  currently  unavailable; 
thus,  the  AEM  technique  is  highly  recommended  for 
fiirther,  long  term  development. 

B.  Recommended  Additional  Testing 

1)  Water  Column  Currents:  The  150  kHz,  Direct  Read 
Acoustic  Doppler  Current  Profiler  (ADCP)  system 
manufactured  by  RD  Instruments  was  used  for  testing 
during  the  MTEDS  program.  Based  on  the  results  of  these 
tests,  it  is  recommended  that  the  300  kHz  system  be  used  in 
the  near  term.  However,  although  the  300  kHz  system  is  a 
commercial  off-the-shelf  item,  it  is  recommended  that  it  be 
tested  at  sea  in  typical  littoral  waters  likely  to  be  involved  in 
future  MCM  operations. 

In  addition,  even  though  recent  tests  by  Bamoff  and 
Culver  [16]  show  that  the  300kHz  ADCP  can  provide 
accurate  estimates  of  bottom  track,  it  is  recommended  that 
sea  trials  be  conducted  to  determine  whether  this  system  is 


an  acceptable  replacement  for  the  MK  610  Doppler  Velocity 
Log  presently  installed  on  MCM  ships. 

In  the  longer  term,  the  following  research  transition 
recommendations  are  made  for  consideration:  (1) 

Investigate  the  potential  offered  by  a  specifically  designed 
transducer  optimized  for  the  depth  ranges  of  interest  to 
MCM;  and  (2)  Investigate  the  advantages  offered  by  new 
developments  in  transducer  design,  specifically  flat-faced, 
phased  array  transducers. 

2)  Sediment  Classification  and  Prediction  of  Impact  Mine 
Burial:  In  the  present  ASCS  processing  scheme,  the  storage 
of  the  echo  strength  values  is  governed  by  the  frequency  in 
use  and  is  user  selectable.  This  method  averages  the  echo 
return  values  for  the  entire  bin  increment  (40  cm  at  15  kHz, 
for  example)  and  provides  a  stepped  impedance  sediment 
column  profile  which  may  not  account  for  negative 
impedance  changes  in  the  sediments.  A  linearized  least 
squares  inversion  technique  has  been  tested  on  some  ASCS 
data.  The  results  show  that  this  technique  can  provide  an 
essentially  continuous,  more  representative  impedance 
profile  of  the  sediment  column.  This  technique  will  allow 
more  accurate  estimates  of  the  sediment  physical  and 
mechanical  properties,  and  hence,  more  accurate  estimates 
of  mine  burial.  An  added  benefit  of  the  linearized  least 
squares  inversion  technique  is  that  it  will  reduce  the 
processing  overhead,  thereby  making  the  recommended 
conversion  from  a  two-computer  system  to  a  single  laptop 
system  with  docking  station  more  straightforward.  It  is 
recommended  than  an  improvement  in  the  current  ASCS 
processing  scheme  be  made  by  adding  this  technique  to  the 
processing  software.  Additional  testing  of  the  technique  on 
ASCS  data  from  other  environments  will  be  required. 

3)  Bathymetry:  As  discussed  in  Section  III  A  3  above,  it 
was  recommended  that  a  calibration  test  set  be  developed  to 
allow  rapid  calibration  of  the  echo  sounder  at  the  pier.  This 
capability  would  provide  an  enhanced  capability  to 
determine  sediment  classification  estimates.  This  test  set 
unit  would  be  lowered  over  the  side  at  the  pier,  and  the 
sensor  would  determine  acoustic  output  and  receiver 
sensitivity  of  the  echo  sounder. 

In  the  longer  term,  it  is  likely  that  the  UQN-4  will  require 
product  improvement  because  the  present  system  is  obsolete 
and  spare  parts  are  becoming  difficult  to  acquire.  As  part  of 
this  product  improvement,  if  it  occurs,  it  is  recommended 
that  the  capability  provided  by  the  data  collection  unit 
mentioned  above  be  included  as  an  integral  part  of  the  echo 
sounder. 
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4)  Bottom  Reverberation:  In  Section  III  A  4  above,  it  was 
recommended  that  a  dedicated  bottom  reverberation  data 
collection  unit  be  designed  and  built  in  the  near  term.  This 
unit  could  be  located  in  the  “lower  sound”  area  of  the  MCM 
ship.  In  the  longer  term,  it  is  recommended  that  the 
capabilities  of  the  data  collection  unit  be  integrated  into  the 
sonar  itself  as  part  of  the  SQQ-32  sonar  P^I  program. 

It  has  been  recognized  that  the  SQQ-32  system  has 
potential  for  mapping  clutter  density.  It  is  recommended 
that  an  R&D  program  be  initiated  which  investigates  and 
quantifies  this  potential.  Comparisons  of  the  SQQ-32 
clutter  density  maps  with  those  generated  using  high 
frequency  sonars  under  the  NRL  High  Resolution  MCM 
Environmental  Acoustics  research  program  would  be  very 
valuable  in  this  investigation. 

5)  Water  Column  Properties  (Sound  Speed  and 
Visibility):  In  Section  III  A  5  above,  it  was  recommended 
that  the  Canadian  MV^-CTD  system  be  incorporated  onto 
the  MCM  ships  for  providing  vertical  profiles  of  sound 
speed,  conductivity,  temperature,  and  depth.  This  particular 
system  was  not  tested  within  the  MTEDS  program.  As  with 
the  300  kHz  ADCP  system,  it  is  recommended  that  the 
MV^-CTD  be  tested  at  sea  in  order  to  be  sure  that  it  can 
fulfill  the  requirements  of  the  MCM  mission. 

A  technology  has  recently  been  investigated  which  would 
allow  the  use  of  a  shipboard  laser  system  to  produce  an 
acoustic  pulse  in  the  water  which  can  be  monitored  to 
provide  a  sound  speed  profile  of  the  water  column.  This 
technique  (called  the  Remote  Sound  Velocity  Profiler),  if 
feasible,  offers  many  advantages  to  the  MCM  force  because 
the  all-important  sound  speed  structure  can  be  defined  on 
command  without  the  need  to  lower  and  retrieve  a  sensor 
from  the  ship’s  deck  [18].  It  is  recommended  that  this 
technique  be  evaluated  for  potential  transition  to  the  MCM 
force. 

6)  Electrical  Properties  of  Water  Column  and  Sediments: 
As  discussed  in  III  A  6  above,  the  AEM  technique  offers 
many  advantages  over  the  now-used  MACAS  survey 
approach  for  providing  electrical/conductivity  parameters 
needed  to  determine  magnetic  swept  path.  However, 
despite  fairly  close  agreement  between  the  AEM  and 
MACAS  results  during  the  MTEDS  project,  too  many 
uncertainties  still  exist  between  the  results  obtained  by  the 
two  systems.  Because  of  the  potential  high  payoff  of  using 
AEM,  it  is  recommended  that  additional  testing  between  the 
two  systems  be  conducted  in  order  to  more  closely  quantify 
the  differences  and  capabilities. 

The  most  straightforward  way  to  resolve  this  issue  is  to 
use  a  high  resolution  in-water  EM  system  to  cover  co¬ 


located  traverses  of  the  AEM  and  MACAS  systems  and  to 
act  as  the  ground  truth  for  the  comparisons.  In  addition, 
testing  must  be  extended  to  include  other  common  littoral 
environments  such  as  sands,  soft  muds,  and  hard,  rocky 
areas.  These  additional  comparisons  will  resolve  the 
impact/importance  of  the  defined  uncertainties  given  above 
and  will  develop  confidence  in  the  AEM  procedure. 

Certain  recommended  “improvements”  to  the  AEM 
system  include  decreasing  the  EM  frequency  to  30  Hz  and 
using  improved  motion  sensors  to  minimize  low  frequency 
motion  noise. 

In  the  longer  term,  consideration  should  be  given  to 
exploring  the  potential  of  adding  an  in-water  towed  EM 
system  to  the  MCM  platforms.  Such  a  system  would 
provide  the  MCM  surface  platforms  with  an  organic 
capability  to  determine  magnetic  swept  paths,  thereby 
eliminating  the  requirement  for  MACAS  surveys  and 
helicopter  support. 
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The  Office  of  Naval  Research  is  pursuing  a  program  to  develop  techniques  for  clandestine  mine 
countermeasures  surveillance  and  reconnaissance.  Central  to  this  program  is  the  exploitation  of 
the  National  Technical  Means  to  support  MCM  operations  and  to  provide  information  on  the 
battlespace  environment  in  fully  denied  areas.  This  presentation  will  outline  the  development  of 
new  products  and  the  demonstration  of  candidate  products  during  fleet  exercises. 


Because  a  fiill  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  lead  author  can  be  reached  at  the  Office  of  Naval  Research,  Ocean, 
Atmosphere  and  Space  Dept.,  800  North  Quincy  Street,  Arlington,  VA  22217-5660; 
telephone,  703-696-4125;  e-mail,  <herrf@onrhq.onr.navy.mil>. 
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Problem.  The  mine  loarfare  community, 
particularly  the  airborne  suruey 
component,  lacks  a  means  for  rapid, 
automatic  data  communications.  Needed 
for  ability  to  react  to  detection  of  mine¬ 
like  objects. 

Prouision  of  such  a  data 
communications  capability  allows 

1)  an  in-stride  capability  to  auoid  mine 
inuested  areas  and 

2)  prouides  intelliyence  needed  to 
oryanize  mine  clearance  operations. 

Systems  architecture  foundation  is 
network  centric  one  —  sensors  and 
decision  support  necessary  to  the  mine 
warfare  operation  are  attached  to  a 
tactical  internet  that  is  inherently  fleuible 
and  enpandable. 
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MH53  segment 


Spool  to  videotape 
as  at  present 


-  e-maii  enuelope 

-  SNMP  agent 
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Currently,  the  sensor  data  collected  by 
the  suruey  helicopters  is  spooled  to  tape 
and  deliuered  to  the  mine  warfare 
operations  center  upon  landiny.  Hny  in¬ 
flight  information  is  passed  by  uoice  radio, 
which  precludes  imagery. 

The  proposed  layout  inuolues  installing  a 
local  area  network  on  the  mission  pallet 
of  the  MH53  mine  warfare  helo  which 
allows  the  side  scan  sonar, 
radionauigation  input,  helo  auionics  and 
local  processing  to  operate  on  a  shared 
media. 

Data  collected  can  be  assembled  into  a 
MIME-compliant  e-mail  message: 

-  timestamp 

-  position  data  (L,^) 

-  sonar  image  (in  JPEG  format) 

-  any  ancillary  data  such  as  operator 
identity  and  flight  parameters. 

This  data  is  assembled  by  a  processor 
in  the  helicopter  in  response  either  to 
operator  order  (Pri-LUrite)  or  automated 
target  detection  algorithm. 
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Data  compression.  Key  to  the  systems 
engineering  is  understanding  that  mine- 
like  objects,  euen  in  an  actiue  minefield, 
make  up  a  small  amount  of  the  ocean 
bottom.  Euen  accepting  a  large  false- 
alarm  incidence,  me  gain  a  great  economy 
by  eliminating  any  requirements  to 
transmit  images  of  blank  ocean  bottom. 

This  discrimination  in  only  transmitting 
possible  target  data  far  outmeighs  any 
additional  compression  opportunities  in 
applying  algorithms  (such  as  those  in 
JPEG)  to  the  images  gained,  but  these  are 
marginal  improuements  that  can  also  be 
exploited. 
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Interface  definition.  Rll  the  components 
attached  to  the  helo's  LRN  (including  the 
sonar)  should  adhere  to  a  common 
interface  definition: 

1.  Netuiork  interface: 

-  a  harduiare  LRN  interface  (e.g. 
ethernet  10Base-T) 

-  an  enueloping  definition  (MIME- 
compliant  e-mail) 

-  a  management  interface  (Simpie 
Netuiork  Management  Protocol  MIB)>. 

2.  Data  definition.  In  addition  to  the 
netujorking  interface  definitions,  a  data 
element  standardization  euercise  is 
needed  for  the  data  elements  shouin  in 
the  table. 


^One  could  argue  for  more  detail,  but  this  is  complete  in  that  a  developer  will 
have  a  hard  time  not  delivering  the  rest  of  the  detail  if  he  gets  this  much 
right. 
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The  Radio-LURN 


The  radio-lUHN  segment  should  be  isolated 
from  the  in-helo  and  in-MOC  segments 
using  a  ciassical  router-based 
internetujork  layout.  This  ailoms  use  of 
seueral  specific  radio-IURN  technoiogies 
and  easy  migration  to  neui  technologies  as 
they  appear. 

Objectiueiy,  any  media  that  can  deliuer 
IP  datagrams  from  one  router  to  another 
mill  do. 

For  this  thesis,  me  used  an  office- 
automation  mireiess  LRN  for  the 
demonstration  as  meli  as  the  Nauy's 
Battle  Group  e-mail  system  to  shorn  an  HF 
solution^. 

Future  technologies  that  are  easily 
integratable  into  this  tactical  internet 
architecture  inciude  mideband  HF, 
commercial  LEO  connectiuity,  and 
deliuerables  anticipated  from  the  Nauy's 
JMCOMMS  program. 


^Our  Thanks  to  Terry  Danielson  at  NRaD  for  loan  of  some  equipment  and  some 
coaching. 
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Mine  Ularfare  Operations 
Center  (MOC)  Layout 


Commcenter, 


- \ 

Mission  Planning 

^Mission  Planning 

Station 

Station 

(JMCIS/MEDHL)  j 

^  (JMCIS/MEDHL) 

Opcenter 


Incoming  e-mail  messages  from  the 
suruey  helicopters  are  broken  out  and  the 
data  is  filed  in  the  JMCIS  relational 
database  in  a  table  resembling: 

-  originating  unit  ID 

-  timestamp 

-  position  data  (L,X) 

-  JPEG  images  of  mine-like  objects 
(stored  as  Binary  Large  Objects,  or  BLOBs, 
in  database  terminology). 

From  this  database,  operations  can 
quickly 

1)  assemble  the  intelligence  an 
operational  commander  (such  as  an 
amphibious  group  commander)  needs  to 
auoid  possible  mined  areas  and 

2)  organize  and  schedule  surface- 
based  clearance  operations. 


Credits. 

This  poster  session  is  assembled  from  a  thesis  manuscript  by  Lt 
Steue  Graues  USN.  Rduised  by  Don  Brutzman  and  Reu  Buddenberg 
(uiho  assembled  this  presentation  and  takes  responsibility  for 
any  errors). 
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Information  Warfare 
and  the  Countermine  Problem 

Edward  C.  Gough  Jr. 

University  of  Washington,  Applied  Physics  Laboratory 

Robert  L.  Barrett 
Naval  Oceanographic  Office 


This  paper  addresses  how  technologies  relevant  to  Information  Warfare  are  to  be  organized  to 
benefit  the  warfighter  and  how  Information  Warfare  can  enable  U.S.  forces  to  control  combat 
tempo  in  amphibious  assault,  countering  the  advantages  inherent  in  defensive  mine  warfare. 
Drawing  on  examples  from  the  work  of  the  Applied  Physics  Laboratory  at  the  University  of 
Washington,  the  Naval  Oceanographic  Office,  and  the  authors’  recent  experience  as  Science 
Advisors  for  the  Commander  in  Chief  of  Naval  Forces  Europe  and  the  Commander  U.S.  Navy 
Sixth  Fleet,  as  well  as  other  Navy  efforts,  this  paper  focuses  on  how  identifying,  organizing  and 
using  quantitative  informatifon  about  the  physical  environment  supplements  Intelligence  about 
enemy  strengths  and  activity  to  create  a  seamless  picture  of  the  combat  environment.  Issues 
include  identifying  critical  information,  including  environmental  variability;  technologies  for 
collecting  data,  including  novel  uses  of  military  sensors  to  collect  useable  environmental  data;  and 
emerging  technologies  for  organizing  data  dn  distributed  processing.  The  process  supports  and 
improves  deliverate  planning,  crisis  action  planning,  development  and  evaluation  of  candidate 
courses  of  action,  and  operational  decisionmaking  in  combat.  The  paper  recommends  specific 
action  by  both  the  Research  and  Development  and  operational  communities  to  support  emerging 
needs. 


Because  a  full  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  lead  author  can  be  reached  at  APL,  University  of  Washington,  1013  N.E. 
40th  Street,  Seattle,  WA  98105-6698;  telephone,  206-543-1300. 
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CHAPTER  11:  PRESERVING 
THE  MINE/COUNTERMINE  EXPERIENCE 


MINING  THE  HISTORICAL  RECORD 

George  Santayana  is  quoted  saying,  "To  be  ignorant  of  history  is  to  be  doomed  to  repeat  it.” 
And  President  Harry  Truman  used  the  aphorism,  "The  only  thing  new  is  the  history  that  you  do  not 
know.” 


Through  a  careful  study  of  the  history  of  the  use  of  mines  in  warfare,  one  develops  both  an 
understanding  and  appreciation  of  the  strategic  leverage  that  adroit  use  of  mines  confers  both 
offensively  and  defensively. 

The  United  States  has  a  rich  history  in  Mine  Warfare.  This  Chapter  combines  Symposium 
papers  that  deal  with  recent  history  with  those  that  seek  to  capture  operational  experience  for  the 
historical  record. 

Dr.  Tamara  A.  Smith,  whose  presentation  appears  in  this  Chapter,  has  called  for  an 
institutionalized  process  by  which  primary  source  historical  records  are  preserved.  She  made  the 
observation,  which  was  one  of  consensus,  that,  to  our  great  detriment,  historians  are  becoming  an 
endangered  species  in  the  service  of  the  U.S.  government.  Her  especially  cogent  presentation  clearly 
differentiated  between  being  able  to  “tell  the  story”  of  what  happened  and  knowing  the  truth  about 
what  actually  happened  through  analysis  of  real  data  to  reach  valid  conclusions.  Dr.  Smith’s  insights 
struck  a  chord  with  most  of  the  attendees,  who  urged  that  follow-on  policy  action  was  merited. 
Especially  where  currently  unpopular  mine  issues  are  concerned,  she  said,  there  is  a  crying  need  for 
real  data  analysis  and  refinement  to  ensure  that  the  “hard  truth”  lessons  are  learned,  not  just  the 
“easy”  ones.  Her  presentation  suggested  that  this  might  become  increasingly  less  likely  unless  the 
current  trend  of  abolishing  billets  for  historians  in  key  commands  is  reversed.  Ms.  Susan  Bales, 
Director  of  ONR’s  Naval  Science  Assistance  Program,  also  confirmed  this  need,  as  did  other 
presenters. 

Another  highlight  of  the  Session,  which  came  from  “Hap”  Hambric  —  Project  Leader  of  the 
Humanitarian  Demining  Program  at  the  U.S.  Army’s  Night  Vision  and  Electronic  Sensors  Directorate 
at  Ft.  Belvoir  --  was  the  often  unreported  fact  that  U.S.  use  of  offensive  anti-personnel  landmines 
(APLs)  against  Iraqi  chemicalTjiological  field  sites  during  Operation  Desert  Storm  may  have 
significantly  constrained  the  Iraqis’  ability  to  access  and  use  such  weapons  against  coalition  forces 
during  that  highly  successful  operation.  This  factor  must  be  acknowledged  and  become  a  key  part 
of  the  larger  discussion  of  how  restrictions  against  future  use  of  U.S.  APL  stocks  should  be  applied. 

We  are  indebted  to  Mr.  Frank  Uhlig,  former  Editor  of  the  Naval  War  College  Review,  for 
chairing  this  highly  productive  Session.  We  shall  endeavor  to  include  Mine  Warfare  History  and 
current  field  experience  in  future  Symposia. 
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Lessons  Learned  and  Operational  Experience 
in  Mine  Warfare  at  Sea 

Frank  Uhlig,  Jr. 

Advanced  Research  Scholar 
Naval  War  College 


The  future  rushes  upon  us  with  tremendous  speed.  For  a  moment  it  envelops  us. 

We  call  that  the  present.  Then  it  goes  by  and  becomes  the  past.  Just  like  1864  or  1915, 
this  morning,  which  only  a  few  hours  ago  was  in  the  future,  now  is  in  the  past.  It  will  be 
there  forever. 

In  this  symposium  we  are  focused  on  the  future.  That  is  the  right  thing  to  do.  But  I 
have  suggested  that  much  of  the  future  is  already  in  the  past.  In  their  opacity  the  past  and 
the  future  resemble  each  other,  though  the  future  is  the  more  dense  of  the  two.  As  events 
fall  ever  farther  astern,  sight  does  not  grow  clearer.  Still,  much  like  any  mine-fighting 
operation,  with  patient  labor  we  can  open  the  channel,  or  some  channels,  anyway,  between 
the  past  and  the  future,  or  as  we  might  term  it,  the  “future  past.”  That  is  my  job  now. 

We  will  start  with  a  strategic  idea:  that  the  purposes  of  navies  in  war  are  only  three 
in  number,  two  absolutes  and  a  conditional.  Those  absolute  purposes  are,  first,  to  make 
sure  that  fiiendly  shipping  can  flow  and,  second,  that  hostile  sWpping  cannot.  The 
conditional  is  that,  if  our  shipping  can  flow,  and  if  it  is  necessary  or  desirable,  a  navy  can 
dare  to  land  an  army  on  a  hostile  shore,  supporting  it  then  and  thereafter  v.dth  fire  and 
logistics. 

SMpping  includes  all  commercial  ships,  all  military  lo^stical  ships,  naval 
auxiliaries,  amphibious  ships,  and  ballistic  missile  submarines.  I  include  certain  naval  types 
in  this  list  because,  whatever  their  precise  function,  they  do  not  fight  for  mastery  of  the  sea 
or  any  of  its  parts.  ^ 

Minelayers  and  mine  fighters,  whether  they  be  aloft  or  afloat,  on  the  surface  or 
beneath  it,  do  fight  for  such  mastery. 

I  will  ask  you  to  keep  in  mind  a  tactical  insight  developed  right  here  at  the  Naval 
Postgraduate  School  by  a  member  of  the  faculty.  Captain  Wayne  Hughes,  U.  S.  Navy 
(Retired).  This  is  that  the  victor  in  naval  combat  will  be  he  who  attacks  effectively  first. 
Tlie  minelayer  has  the  advantage  here.^ 

And  I  will  remind  you  of  the  geographical  fact  that  all  deep-sea  voyages  begin  and 
end  in  shallow  water.  Shallow  water  is  where  minelayers  and  mine  fighters  do  their  work. 

Despite  our  aversion  toward  learning  anything  fi'om  those  who  have  gone  before 
us,  I  am  going  to  examine  a  few  experiences  in  real  minelaying  and  real  mine  fighting 
against  real  enemies.  I  do  this  ^th  the  hope  that  we  can  learn  some  things  about  nune 
warfare  at  sea  worth  that  are  worth  thinking  about. 
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Among  the  things  experience  suggests  to  be  worth  thinking  about  are,  first,  that  by 
themselves  mines  are  unlikely  to  do  much  for  us  or  much  against  us,  but  that  as  part  of  an 
integrated  system,  they  can  be  highly  effective;  second,  that  intelligence  is  an  important 
part  of  that  system  in  both  its  specific  military  meaning  and  in  its  general  meaning;  third, 
that  unending  persistence  is  a  primary  virtue  on  the  part  of  both  the  minelayer  and  the 
mine  fighter,  fourth,  that  it  is  easier  and  faster  to  lay  mines  than  it  is  to  fight  them;  and 
finally,  that  in  mine  fighting  to  foist  off  on  civilians  or  other  amateurs  work  that  should  be 
done  by  professionals  is  to  invite  defeat.  I  will  illustrate  each  of  these. 

During  our  Civil  War  Mobile,  Alabama,  was  a  port  of  destination  for  blockade 
runners  carrying  the  goods  of  war  and  peace  to  the  Confederacy.  In  the  summer  of  1864 
the  task  of  the  local  Northern  commander,  Rear  Admiral  David  Farragut,  was  to  end  that 
blockade-running  traffic.  The  best  way  to  do  that  was  to  seize  control  of  the  seaward 
entrance  to  Mobile  Bay.  The  Confederates  were  determined  to  keep  that  control  for 
themselves.  They  had  no  naval  squadron  to  match  Farragut’ s.  But  they  had  two  strong 
forts,  Gaines  and  Morgan,  with  which  to  finstrate  Farragut’s  entry.  To  this,  in  order  to 
keep  enemy  small  craft  out,  they  added  a  line  of  obstacles  in  the  shallow  water  east  of  Fort 
Gaines. 


As  the  water  deepened  towards  Fort  Morgan,  the  Rebels  laid  a  field  of  mines  to 
keep  deep-draft  ships  out.  They  kept  adding  to  this  field.  For  the  use  of  the  blockade 
runners,  however,  they  kept  fi-ee  of  mines  a  narrow  passage  right  under  the  guns  of  Fort 
Morgan.  Just  inside  these  defenses  lay  a  formidable  ironclad  warship,  the  Tennessee. 

What  did  Farragut  do?  In  those  days  in  daylight  you  could  see  farther  than  you 
could  shoot.  So  the  admiral  watched  where  the  Rebels  planted  their  mines  and  noted  the 
position  of  a  buoy  they  had  anchored  to  help  the  blockade  runners  find  the  safe 
channel. When  darkness  fell,  so  did  visibility,  often  to  less  than  gun  range.  Then  the 
admiral  sent  ships’  boats  into  the  enemy’s  waters  to  find  where  exactly  the  mines  were, 
how  many  there  were,  what  their  nature  was,  what  their  condition  was,  and  ~  note  this— 
to  disarm  or  sink  as  many  as  they  could.  By  first  light  the  boats  were  on  their  way  back  to 
their  ships.  The  admiral  also  paid  attention  to  information  fi'om  escaped  Federal 
sympathizers  and  deserters.  He  did  not  attack  until  he  had  all  he  needed:  Troops  and 
boats  to  land  them  just  outside  the  forts’  gun  range;  ironclad  monitors  armed  with  very 
few  but  very  large  guns,  able  both  to  withstand  the  fire  of  Fort  Morgan  and  to  engage  the 
Tennessee  on  at  least  even  terms;  unarmored  but  heavily  gunned  wooden  ships  with  which 
to  help  the  monitors  in  their  fight  with  the  Rebel  ironclad  and  to  support  the  troops 
besieging  the  forts;  a  partially  cleared  minefield,  and  adequate  information  about  the  rest 
of  it. 


When  Farragut  began  his  entrance  into  Mobile  Bay  he  already  had  Fort  Gaines 
imder  siege.  He  intended  to  pass  through  the  safe  channel  near  Fort  Morgan  as  swiftly  as 
he  could.  But  almost  at  once  he  lost  his  leading  monitor  to  a  mine  and,  as  a  result,  his 
wooden  column  fell  into  disarray.  Confident  in  his  knowledge  that  the  minefield  was 
mainly  defunct  he  led  the  rest  of  his  ships  through  the  field  unharmed.  Thereafter  he 
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fought  snd  c&ptured  the  Tennessee,  fought  and  captured  the  forts,  and  with  those 
accomplishments  achieved  his  objective.^ 

What  do  we  see  here  on  the  part  of  Farragut?  By  secretly  scouting  out  and  partly 
clearing  the  enemy’s  minefield  he  had  attacked  effectively  first.  Thus,  when  he  lost  the 
monitor  he  was  able  to  overcome  the  resulting  confusion.  We  see  the  use  of  intelligence 
of  both  kinds;  of  persistence  on  the  part  of  the  commander  in  gdning  information  about 
the  minefield  and  in  weakening  it,  in  building  a  force  suitable  to  the  need,  and  -despite 
sudden  loss  and  confusion  among  his  ships—  first  in  getting  them  past  and  then  in 
overconung  the  enemy’s  defenses.We  see  the  cooperation  of  all  elements  of  the  force  in 
the  effort  to  achieve  the  force’s  common  objective.  Thereafter  no  blockade  runner  brought 
arms  to  the  South  through  Mobile. 

How  about  the  Southern  defenses?  They  were  formidable,  but  each  element  was 
on  its  own.  Thus,  Farragut  was  able  to  concentrate  on  and  defeat  each  of  them  one  at  a 
time.  IBs  was  a  victory  well  earned. 

Let  us  move  on  half  a  centuiy,  to  the  Dardanelles  campaign  early  in  1915  during 
the  First  World  War.  The  French,  the  British,  and  the  Russians  were  at  war  against  the 
Austrians,  the  Germans,  and  the  Turkish,  or  Ottoman,  Empire.  With  the  intention  of 
seizing  Constantinople,  capital  of  that  empire,  London  sent  a  strong  naval  expedition  into 
the  narrow  strait  leading  fi'om  the  Mediterranean  toward  that  objective.  The  British  knew 
that  the  Turks  had  fortified  that  strait,  and  knew  where  the  forts  were,  so  they  brought 
battleships  with  which  to  overcome  them.  They  also  knew  that  the  Turks  had  planted 
mines  in  the  channel,  but  did  not  know  exactly  where  those  mines  were.  Still,  they  did 
think  to  bring  minesweepers.  Unfortunately  for  them,  the  minesweepers  were  merely 
chartered  fishing  boats  too  weakly  engined  to  make  effective  headway  while  sweeping  for 
mines  agdnst  the  current.  With  hulls  deeper  in  the  water  than  were  the  mines  they  were 
suppos^  to  sweep,  they  were  in  danger  of  becoming  those  weapons’  first  victims.  Even 
worse,  their  crews  were  not  professional  naval  officers  and  men,  but  hastily  uniformed 
fishermen  under  a  limited  contract.  The  contract  said  nothing  about  sweeping  mines  while 
vmder  enemy  fire. 

The  British  also  had  an  army,  but  the  powers  in  London  had  dispatched  their  fleet 
before  the  army  was  ready  to  land.  So  the  British  fleet  entered  the  strait,  fishermen  in  the 
van,  fighting  men  astern.  Then,  finding  themselves  in  the  midst  of  a  field  of  mines,  finding 
enemy  shells  bursting  all  around  them,  the  fishermen  fled.  Naval  officers  condemned  them 
as  cowards.  Later  the  British  Navy  did  as  it  should  have  in  the  beginning,  and  manned  the 
makeshift  minesweepers  with  regular  officers  and  men..  But  the  mmesweepers  still  could 
not  clear  the  well-defended  fields,  and  they  were  still  unsure  exactly  where  the  mines  were. 
Meanwhile,  unnoticed  by  the  fleet  commander,  the  persistent  and  perceptive  Turks,  having 
noticed  the  practise  of  the  battleships  to  shoot  from  a  spot  of  calm  water  outside  the  main 
current,  planted  a  new  mine  field  in  that  spot. 
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In  one  day  the  Turks*  new  minefield  sank  three  battleships  and  damaged  another, 
as  well  as  a  battle  cruiser.  The  fleet’s  advance  on  Constantinople  halted  temporarily,  and 
never  resumed.  Later,  the  British  landed  their  army,  at  a  place  called  Gallipoli.  That  army 
might  have  outflanked  and  taken  the  forts,  making  it  possible  for  the  minesweeping  to 
resume.  But  by  that  time  the  Turks  were  ready  for  them  and  the  army  got  nowhere. 
Indeed,  it  was  not  until  years  later,  when  the  war  had  ended,  that  any  British  soldier  or 
sailor  set  foot  in  Constantinople.^ 

Clearly,  it  was  the  defending  Turks  who  attacked  effectively  first.  It  was  they  who 
used  intelligence  eflfectively.  It  was  they  who  conducted  mine  warfare  with  persistence.  It 
was  they  who  integrated  their  mmelaying,  their  defensive  forts,  and  their  field  army.  The 
British  ^d  nothing  comparable.  They  earned  their  defeat. 

But,  making  good  use  of  bad  experience,  the  British  Navy  did  learn.  In  the  great 
sea  war  in  the  Atlantic,  German  U-boats  were  threatening  to  halt  the  flow  of  British  and 
Allied  shipping.  But  long  before  the  war’s  end  British  naval  officers  and  men  manning 
specially  designed  minesweepers  were  keeping  British  channels  clear  of  enemy  submarine- 
laid  mines,  while  British-laid  mines  came  to  sink  more  U-boats  than  any  other  weapon  the 
Allies  had.  Those  minelayers  and  minesweepers  were  components  of  an  integrated  system 
for  the  protection  of  shipping  of  which  convoys  were  the  best-known  part.* 

When  peace  came  the  British  Navy  did  not  forget  what  it  had  learned.  When  war 
came  again  in  1939  the  Germans  once  again  began  to  lay  mines.  But  no  matter  what  form 
those  mines  took,  moored  or  bottom  dwellers,  air-launched,  surface  launched,  or 
submarine  launched,  contact,  magnetic,  or  acoustic,  the  British  Navy  kept  them  in  check. 
Only  the  pressure  mine  proved  too  much  for  Britain’s  mine  fighters  but  that  mine  came 
too  late  in  the  war  to  matter.  Meanwhile  British  mines,  most  of  them  laid  by  RAF  Bomber 
Command,  effectively,  if  expensively,  devastated  German  sea  traffic  on  the  western  coast 
of  Europe  fi’om  Spain  to  Norway,  and  in  the  Baltic.® 

That  mining  campaign,  though  not  well  known  in  this  country,  is  worth  attention. 
In  20,000  minelaying  sorties  over  a  period  of  five  years  RAF  Bomber  Command,  at  a  loss 
to  itself  of 450  aircraft,  sank  638  German,  Finnish,  or  neutral  ships.  In  comparison,  over 
the  same  period  RAF  Coastal  Command,  employing  torpedoes,  bombs,  and  rockets, 
required  38,000  sorties  (and  in  them  lost  857  aircraft)  in  order  to  sink  366  ships.  British 
submarines  and  surface  ships  sank  196  Axis  merchant  ships  during  the  same  period. 
Clearly,  the  British  had  not  only  learned,  but  also  retained,  both  the  minelaying  and  mine 
fighting  lessons  of  the  disaster  in  the  Dardanelles  and,  with  the  use  of  new  materiel,  that 
is,  aircraft  and  influence  mines,  had  applied  them  to  their  new  situation. 

The  mining  campaign  was  successful,  if  barely  so,  because  the  British  used  their 
intelligence  effectively:  Ultra  was  with  them;  they  were  persistent;  they  took  advantage  of 
darkness;  and  the  minelayers’  efforts  profited  from  Coastal  Command’s  simultaneous 
attacks  on  German  shipping,  the  attacks  on  German  cities  by  both  Bomber  Command  and 
the  U.  S.  Army  Air  Force,  and  the  great  struggles  ashore,  mainly  on  the  eastern  fi-ont.  The 
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demands  all  these  placed  on  German  defensive  resources  left  too  few  to  cope  effectively 
with  the  minelayers.  Still,  even  on  the  last  day  of  the  war,in  the  Baltic  German  ships 
managed  to  voyage  successfully.’ 

It  is  plain  that,  though  not  all  na\aes  have  shown  they  can  do  it,  one,  at  least,  has 
shown  that  it  can  learn  fi’om  its  own  bad  experiences. 

Consideration  of  the  sea  mining  efforts  in  the  two  world  wars  and  since  show  that 
about  one  half  of  them,  for  example,  the  German  minefields  which  in  1944  fouled  the  sea 
approaches  to  the  beaches  of  Normandy  and  the  Iraqi  minefields  which  in  1991  foiled  any 
possible  American  attack  by  sea  upon  the  Kuwaiti  shore,  have  been  defensive.  The  others, 
such  as  the  American  minefields  laid  by  Army  Air  Force  B-29s  in  Japan’s  coastal  and 
inland  waters  in  1945  and  the  minefields  laid  by  American  carrier-based  aircraft  which 
closed  the  North  Vietnamese  port  of  Haiphong  in  1972,  were  offensive  in  nature. 

For  almost  all  minelaying  operations,  there  was  a  corresponding  mine  fighting 
operation.  Only  at  Haiphong  was  there  none,  until  after  the  peace  treaty  was  signed,  when 
the  United  States  swept  its  own  fields.  For  every  offensive  minelaying  operation,  the  mine 
fighting  effort  was  defensive,  for  every  defensive  minelaying  effort,  the  mine  fighting 
operation  was  offensive. 

Because  sea  mines  are  laid  not  indiscriminately  but--  if  they  are  to  be  effective— 
vrith  precision,  and  in  a  not  very  large  patch  of  sea,  the  mine  fighters  also  work  in  a  not 
very  large  patch.  Since,  if  the  field  is  well  placed  it  will  be  profitable  to  reseed  it 
persistently,  the  mine  fighters  are  likely  to  work  their  own  small  patch  for  a  long  time.  The 
presence  of  ship  counters  in  mines  simply  emphasizes  that  fact. 

As  a  result  of  this  very  localization  of  mine  fighting  and  the  fact  that  most  of  it  is 
done  not  far  fi-om  some  shore  (and  thus,  not  far  fi-om  some  haven)  mine  fighting  craft  need 
not  be  large.  Indeed,  small  as  a  modem  ocean  minesweeper  is,  it  is  the  need  for  that  ship 
to  travel  long  distances  which  make  it  as  large  as  it  is.  Even  so,  it  is  too  small  and  too  slow 
to  travel  long  distances  in  a  timely  fashion. 

Following  upon  that  fact,  among  others,  and  keeping  in  mind  the  imperative  of 
attacking  effectively  first,  one  looks  forward  to  a  complete  transformation  in  the  U.  S. 
Fleet’s  mine  fighting  materiel,  not  only  to  meet  the  need  for  the  timely  arrival  of  that 
materiel  on  scene  and  ready  to  work,  but  also  to  meet  the  need  for  the  timely  and  effective 
completion  of  that  work.  It  is  on  such  matters  that  much  of  this  symposium  has  dwelt. 

Even  when  these  materiel  transformations  have  taken  place,  we  should  expect 
mine  warfare  to  be  characterized  by  persistence  and  counter-persistence,  by  the 
dependence  of  both  sides  upon  intelligence,  and,  if  the  commanders  \rish  their  missions  to 
be  successful,  by  the  integration  of  their  minelaying  and  mine  fighting  efforts  into  the  rest 
of  their  operations.  The  commander  who  is  more  successful  in  these  ways  than  his 
opponent  will  have  put  himself  in  a  good  position  to  attack  effectively  first. 
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The  big  question  in  the  future  is  whether  the  U.  S.  Navy  will  be  as  willing  as  at 
least  one  other  navy  has  been  to  transform  its  own  misshapen  habits  and  antiquated 
attitudes  towards  mine  warfare.  Only  if  the  U.  S.  Navy  manages  to  do  this,  will  the 
transformation  of  mine  fighting  materiel  yield  the  results  for  which  we  all  hope 
so  much. 

When  that  happens,  episodes  such  as  those  at  Wonsan  in  1950  and  in  the  Persian 
Gulf  in  1991  will  be  firmly  in  the  past.  The  U.  S.  Navy  will  be  able  to  ensure  that  fiiendly 
shipping  can  flow  and  that  hostile  shipping  cannot,  that  it  can  land  an  army  on  a  hostile 
shore,  and  that  it  can  support  that  army  with  fire  and  logistics  for  as  long  as  necessary. 
The  Marines  will  be  pleased.  So  will  the  Army  and  Air  Force,  and  all  the  others  who 
depend  on  the  Navy  to  do  the  job  for  which  they  built  it. 
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4.  Arthur  J.  Marder.  From  the  Dardanelles  to  Oran:  Studies  of  the  Roval  Naw  in  War  and 
Peace.  1915-1940  (London:  Oxford  University  Press,  1974.  1-26,49-50.  PaulG. 

Halpem.  A  Naval  History  of  World  War  I  (Annapolis:  Naval  Institute  Press,  1994.)  109- 
115. 


5.  Halpem,  345-350.  Uhlig,  87-88. 


6.  Stephen  W.  Roskill.  White  Ensign:  The  British  Naw  at  War  1939-1945  (Annapolis: 
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Process  Challenges  and  Examples: 
A  Reality  Check 


Dr.  Tamara  Melia  Smith 

Military  Historian 
President,  The  Moser  Group 

The  subtitle  of  my  talk  today  on  “Process  Challenges  and  Examples”  is  “A  Reality 
Check,”  because  I  am  going  to  talk  today  about  the  way  things  really  are  in  historical 
documentation  of  the  naval  mine  problem  as  opposed  to  the  way  that  they  probably  should  be. 
After  all,  the  lessons  learned  and  the  documentation  collected  of  our  operational  experience 
that  we  will  depend  on  to  solve  future  technical  and  tactical  problems  are  only  as  good  as  the 
persons  who  wrote  or  collected  it.  And  the  solutions  proposed  in  numerous  studies  of  that 
experience  by  scholars,  analysts,  operators  and  students  of  mine  warfare  will  only  be  truly 
useful  if  the  data  collected  and  analyzed  is  done  so  within  the  constructs  of  accurate 
knowledge  of  the  individual  operations  being  studied. 

As  a  historian  who  loves  her  profession,  I  am  always  amazed  at  the  number  of  people 
who  offer  me  their  condolences  on  my  choice  of  occupation.  If  their  introduction  to  the  study 
of  history  was  anything  like  mine,  I  understand  completely.  My  high  school  history  teachers 
were  uniformly  uninspiring.  I  never  had  a  teacher  who  majored  in  history;  in  fact  every  one 
of  them  coached  sports  and  required  very  little  but  regurgitation  of  one  textbook  chapter  per 
week  in  impossibly  easy  multiple  choice  exams.  The  greatest  benefit  I  received  from  my  first 
two  years  of  high  school  history  was  my  improvement  at  poker,  which  we  played  daily  in 
class.  I  fared  better  my  last  two  years,  drawing  the  football  coach,  a  Marine  Corps  reservist. 
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who  kept  at  least  three  members  of  the  class  awake  each  day  diagraming  battles,  and,  due 
perhaps  to  our  proximity  to  Los  Angeles,  allowed  students  to  turn  in  historical  home  movies  in 
lieu  of  term  papers.  I  learned,  in  fact,  less  about  history,  and  more  about  movie  making  and 
how  to  use  the  Encyclopedia  Britannica  without  exactly  plagiarizing. 

College  was  a  vast  improvement.  As  a  dual  History  and  Political  Science  major,  I 
learned  the  distinct  differences  between  the  two  professions:  Political  Scientists  collected  data 
data,  and  data.  Historians  took  the  data  and  made  sense  of  it,  putting  it  in  the  proper 
perspective  in  terms  of  the  time  and  place,  often  asking  the  hard  and  unpopular  questions  of 
their  sources  that  the  more  politically-correct  successfully  avoided.  Perhaps  as  a  result,  when 
the  College  declared  financial  exigency  and  abolished  tenure,  the  only  faculty  abruptly  fired 
was  every  member  of  the  History  department,  the  professors  who  asked  the  hard  questions. 

As  a  beginning  graduate  student  in  history,  I  had  difficulty  accepting  my  alma  mater’s 
explanation  that  anyone  could  teach  history,  especially  as  I  was  immediately  asked  to  help  the 
English  and  Humanities  professors  learn  to  teach  history  by  providing  them  with  booklists  and 
outlines  for  their  courses. 

Being  thus  well  aware  of  the  devaluation  of  history  professionals,  I  did  not  enter  this 
profession  with  any  grand  ideas  of  earning  a  high  salary  or  great  distinction.  In  fact,  I  only 
became  a  historian  because  of  Katharine  Hepburn’s  screen  portrayal  of  Eleanor  of  Aquitaine. 
While  directing  a  scene  from  The  Lion  in  Winter.  I  happened  to  see  the  movie  and  was 
immediately  entranced  by  Hepburn’s  success  in  getting  into  the  heart  and  soul  of  her  character. 
Reading  Amy  Kelly’s  classic  biography  of  Eleanor  showed  me  that  a  really  good  historian 
could  indeed  understand  and  relate  the  reality  of  the  past  in  a  way  that  it  affected  future 
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generations’  understanding.  After  a  brief  flirtation  with  medieval  history,  I  settled  into  the 
serious  study  of  military  history,  and  of  the  military  mind,  through  a  long  and  valuable 
apprenticeship  editing  the  Papers  of  Ulysses  S.  Grant. 

After  leaving  graduate  school,  I  was  offered  positions  by  universities  and  several  of  the 
services,  and  turned  down  the  opportunity  to  be  one  of  almost  400  historians  of  the  Air  Force 
and  almost  250  of  the  Army  to  take  a  position  as  one  of  the  Navy’s  16  historians,  all  civilians. 
After  five  years  writing  and  editing  19th  century  Naval  history,  I  was  asked  to  transfer  to 
contemporary  history,  becoming  one  of  seven  historians  tasked  with  studying  the  post-World 
War  II  Navy.  I  chose  as  my  topic  the  Navy  in  the  Pacific  and  Indian  Oceans  just  in  time  for 
the  mining  of  Bridgeton,  which  quickly  catapulted  me  into  the  study  of  mine  warfare.  I  was 
asked  by  the  then  Director  of  Naval  History  to  undertake  a  short  history  of  U.S.  Naval  Mine 
Countermeasures.  I  was  pleased  that  he  thought  me  so  capable  until  years  later  when  he 
admitted  he  did  so  because  he  considered  mine  warfare  a  suitable  subject  for  a  woman 
historian,  and  that  he  would  never  have  given  the  assignment  to  a  man.  He  did  not  mean  that 
as  a  compliment. 

While  writing  this  book,  I  was  named  the  first  historical  Fleet  Liaison,  charged  with 
deploying  to  discover  more  effective  ways  to  document  modern  naval  operations,  a  position  I 
held  for  the  next  5  years.  But  by  the  time  I  completed  my  history  of  mine  countermeasures, 
“Damn  the  Torpedoes,”  the  new  Director  of  Naval  History  declined  to  publish  it.  For  almost 
two  years  I  checked,  rechecked,  and  reproved  footnotes,  sought  input  and  critical  advice  from 
naval  and  military  scholars  and  officers  versed  in  mine  warfare,  and  made  many  concessions  to 
finesse  wording  demanded  by  my  superiors,  who  had  difficulty  with  the  idea  of  publishing 
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anything  even  remotely  critical  of  the  Navy.  I  finally  requested  that  the  manuscript  be 
released  to  me  for  private  publication.  The  mining  of  Tripoli  and  Princeton  a  few  days  later 
quickly  changed  the  situation,  and  the  manuscript  was  put  into  immediate  production. 

If  not  for  the  tragedy  of  the  mining  of  these  two  ships  in  Desert  Storm,  I  have  no  doubt 
that  you  would  probably  have  never  heard  of  me,  or  this  book. 

This  experience  made  it  clear  to  me  that  not  much  has  changed  in  improving  the 
estimation  of  history  and  historians,  even  among  those  who  uphold  the  finest  traditions  of  their 
military  service.  In  general,  Americans  do  not  study  history  as  a  useful  tool  for  the  future. 

We  continue  to  believe  that  as  Americans  we  are  special.  We  intrinsically  believe  in  the 
theories  popularized  in  Horatio  Alger  myths  and  John  Wayne  movies,  a  pull-them-up-by-their 
bootstraps  fantasy  that  as  Americans,  if  we  work  hard  we  will  own  the  future  without  needing 
the  Old  World’s  ties  to  remembering  the  past.  This  conception  has  grown  even  more  marked 
since  we  have  proclaimed  victory  in  the  Cold  War.  In  the  last  two  years  federal  historical 
programs  have  experienced  a  severe  decline.  Two  years  ago  Newt  Gingrich  became  the  first 
Speaker  of  the  House  to  hold  a  Ph.D.  in  history,  and  the  first  to  fire  the  House  Historian, 
replacing  him  with  a  political  scientist.  Last  December  the  Historian  of  the  Internal  Revenue 
Service  resigned  in  protest  of  the  IRS’s  refusal  to  save  documentation  crucial  to  any 
understanding  of  its  operations,  in  violation  of  federal  statutes.  Historians  throughout  the 
government  are  being  downsized,  myself  among  them,  and  historical  positions  in  universities 
are  remaining  vacant  at  a  rate  which  suggests  to  me  that  America  continues  to  find  it’s 
understanding  of  history  expendable. 

We  do  not  often  pay  attention  to  the  real  lessons  learned  in  our  successes  or  failures 
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because  we  insist  on  viewing  history  as  the  art  of  looking  backward,  rather  than  what  it  truly 
is:  the  science  of  tracing  our  footsteps  to  understand  why  we  stand  where  we  are  now.  The 
real  art  of  history,  mainly,  is  in  adequately  using  this  science  to  prepare  us  to  face  the  future. 

History  does  not  repeat  itself.  But  as  Shakespeare  put  it,  “What’s  past  is  prologue.” 
And  every  few  years  someone  proves  Santayana’s  prediction  that  “those  who  cannot  remember 
the  past  are  condemned  to  repeat  it.  ” 

The  Navy,  like  the  nation,  sees  history  as  trivia.  The  first,  last  and  best  are 
highlighted,  with  high  priority  on  those  “Bicentennial  Minutes”  of  trivia  which  can  be 
mastered  in  a  few  sound  bites;  few  indeed  see  history  as  of  much  use  to  future  operational 
scenarios.  This  national  myopia  is  not  shared  by  the  other  services  and  many  other  nations, 
who  put  more  resources  into  the  study  and  preservation  of  their  history,  all  of  whom  allow 
their  active  duty  officers  to  obtain  graduate  study  in  history  at  government  expense,  and  who 
are  expected  to  take  an  active  part  in  writing,  teaching  and  preserving  their  services’  history. 
Third  World  countries  today  have  witnessed  recent  history  and  realize  that  mines  can  be  an 
effective  tool  in  stopping  their  enemies,  and  are  increasingly  preparing  to  use  them.  U.S. 
defense  leadership,  on  the  other  hand,  seems  to  have  “learned,”  particularly  over  the  past 
decade,  that  mines  do  not  stop  U.S.  operations  no  matter  how  much  damage  they  inflict  on 
ships  and  people. 

So,  what  good  is  history  anyway?  Can  having  an  adequate  understanding  of  your  past 
operations  help  meet  the  needs  of  the  modern  military?  And  what  do  historians  do  that  can  be 
of  use  to  the  Navy? 

One  legendary  historian,  also  a  naval  reservist,  defined  our  work  succinctly  as  “reading 
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Other  people’s  mail,”  but  it  is  much  more  than  that.  Historians  collect  data,  and  the  good  ones 
find  the  right  questions  to  ask  of  their  sources  to  reveal  what  really  happened.  Good  historians 
are  also  good  analysts,  who  can  find  the  useful  lessons  of  the  past  to  illuminate  the  mission 
needs  of  the  future.  The  data  they  collect,  especially  during  an  operation,  can  be  the  right 
kind  of  data  needed  to  justify  new  systems  and  improve  future  capabilities,  the  kind  that  is 
often  overlooked  by  others. 

1  emphasize  good  because  as  in  all  professions,  there  are  good  historians  and  bad  ones. 
Bad  historians,  by  my  definition,  fail  to  look  for  the  right  data  to  make  an  objective  judgment, 
or  decide  what  they  want  to  prove  first,  then  look  at  the  data  with  an  eye  towards  proving  their 
own  thesis,  right  or  wrong.  The  good  ones  take  the  more  painstaking  approach  of  reading  all 
the  data  and  conducting  all  the  interviews  first,  without  prejudice,  before  determining  what 
they  believe  are  the  real  lessons  learned.  This  is  not  as  easy  as  it  sounds.  In  German,  there  is 
a  better  distinction  of  this  process  in  terminology.  Bad  historians  can  tell  you  about 
“historie,”  or  the  story  of  what  happened,  while  good  historians  seek  to  find  “Geschicte,”  the 
truth  of  what  happened. 

The  difference  between  the  two  can  be  stark,  and  in  our  own  lifetime  we  have  many 
examples.  Although  millions  of  people  witnessed  the  assassination  of  John  F.  Kennedy  in 
person  or  on  film,  the  testimony  of  those  same  “eyewitnesses”  have  spawned  dozens  of 
theories  about  what  actually  happened.  More  recently  in  my  own  experience  collecting  oral 
histories  of  persons  who  witnessed  actions  surrounding  the  shoot  down  of  the  airbus  in  the 
Persian  Gulf  in  1988  reminded  me  with  deadly  certainty  that  many  eyewitnesses  to  any 

incident  can  honestly  believe  that  they  have  seen  the  opposite  of  what  actually  happened. 
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A  good  historian  does  not  trust  numbers,  calculations,  planning  documents,  message 
traffic,  the  impressions  of  others,  or  sometimes  even  their  own  senses.  Instead  they  try  to 
avoid  preconceptions  and  to  ask  the  right  questions  and,  like  a  good  detective,  asks  them  over 
and  over  again  to  each  source  to  see  if  the  answers  differ.  It  is  a  time-consuming,  exhaustive 
process  that  ultimately  yields  the  best  analysis  over  time. 

What  historians  can  do  for  mine  warfare  is  to  assist  in  the  collection  process  to  make 
certain  that  the  operational  data  collected  is  useful  both  for  determining  the  status  of  current 
tactics  and  technology,  but  for  future  interpretation  as  well.  There  are  three  elements  required 
for  making  data  useful  for  both  real-time  analysts  and  future  historians: 

The  first  is  proper,  definitive  collection  of  key  data  in  real  time.  The  second  is  a 
centralized  archival  organization  of  mine  warfare  documentation.  The  third  is  access  and 
timely  declassification. 

In  terms  of  data  collection,  operators  and  operational  staffs  cannot  be  expected  to 
properly  document  the  operation  with  an  eye  toward  future  analysis.  As  the  old  saying  goes, 
“When  they’re  fighting,  they  ain’t  writing.”  Properly  collecting  the  right  data  to  correctly 
interpret  what  actually  happened  requires  a  fresh  eye  from  a  trained  observer.  Those  expected 
to  document  mine  warfare  operations  should  regularly  deploy  in  all  real-world  events,  both  in 
exercises  and  missions,  to  become  an  integral  part  of  the  mine  warfare  team.  Their  mission  is 
not  to  duplicate  the  efforts  of  the  technical,  scientific  and  operations  analysts  assigned  to  such 
missions,  but  to  observe  what  is  and  is  not  collected,  how  the  data  is  collected  and  maintained, 
where  it  will  be  stored,  and  to  personally  collect  and  archive  all  pertinent  data  which 
illuminate  the  emerging  operation  that  are  not  necessarily  quantifiable.  They  will  also  conduct 
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oral  interviews  with  participants,  seek  out  the  views  of  personnel  at  all  levels,  and  pay 
attention  to  any  questions  not  asked  which  may  be  of  future  operational  interest. 

For  example,  when  I  deployed  during  Desert  Storm  mine  clearance  operations,  my  first 
question  to  the  USMCMGRUCOM  staff  was,  “what  have  we  learned  about  the  Manta  mines 
cleared,  particularly  in  terms  of  the  mines’  actual  capabilities  and  settings?”  The  answer  given 
was  that  this  data  was  not  being  collected,  as  the  Manta  line  was  being  hunted  by  many  allied 
nations.  Reconstructing  such  data  is  usually  not  possible:  there  is  no  post-mission  replacement 
for  being  there  in  terms  of  getting  the  right  data  collected  on  site. 

The  individuals  assigned  to  the  collection  effort  should  be  senior  civilians  and  mine 
warfare  professionals  charged  specifically  with  retaining  the  corporate  knowledge  of  the 
operations;  preferably  including  at  least  one  professional  historian  with  archival  and  document 
control  knowledge  as  well  as  basic  scientific  and  technical  knowledge  of  the  field.  Although  it 
would  be  best  to  have  a  historian  assigned  to  each  fleet,  well-versed  in  mine  warfare,  this  is 
not  likely  to  happen  in  our  foreseeable  economic  future.  A  good  alternative  would  be  to 
establish  a  shore  civilian  billet  and  centralization  of  mine  warfare’s  historical  archives  to  work 
in  conjunction  with  an  established  academic  research  and  educational  facility  with  a  ready  flow 
of  students  and  naval  scholars  to  work  all  parts  of  the  problem.  The  best  locations  for  such  a 
facility  would  be  either  here  at  Monterey,  under  the  aegis  of  the  Naval  Postgraduate  School,  or 
nearer  the  fleet  in  San  Diego,  under  the  University  of  California  at  San  Diego,  both  of  which 
have  the  technical  and  scholarly  apparatus  by  which  to  collect,  store  and  study  both  the  past 
and  future  of  mine  warfare. 

Second,  the  purpose  of  having  a  mine  warfare  archive  is  to  centralize  mine  warfare 
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documentation,  which  does  not  mean  moving  all  past  documentation  to  one  city,  but  in  wholly 
embracing  the  Center-without-Walls  concept  for  mine  warfare  research.  Putting  one  person  or 
entity  in  charge  of  controlling  future  mine  warfare  collections  as  well  as  keeping  track  of 
where  all  the  relevant  past  documentation  is  stored  requires  more  expertise  than  is  currently 
available  in  any  one  place.  An  archivist  or  librarian  can  catalog  currently  known  items  in  a 
computer  database  for  retrieval  on-line  by  key  subject  words,  but  such  personnel  rarely  have 
the  leisure  time  to  actually  read  the  documents  and  to  know  their  content  well  enough  to  direct 
student  research,  which  could  be  more  effectively  handled  by  a  historian.  Currently, 
documentation  relative  to  an  understanding  of  mine  warfare  operations  over  the  past  generation 
can  be  found  scattered  among  several  different  commands  and  activities,  and  some  key 
information  resides  in  private  collections;  a  centralized  on-line  database  and  future  collection 
and  storage  efforts  can  help  alleviate  the  current  need  for  students  of  mine  warfare  to  travel  to 
literally  all  parts  of  the  United  States  to  track  down  the  relevant  documentation  for  their 
research  studies.  It  would  also  improve  the  scholarly  credibility  of  their  technical  studies. 

Third,  access  and  timely  declassification  is  crucial  to  any  understanding  of  the  past. 

With  real-time  historical  collection  efforts  and  a  dedicated  archival  facility,  access  to  mission- 

related  documentation  by  operational  researchers  would  enhance  the  ability  of  students  and 

mine  warriors  to  relate  their  lessons  learned  both  up  and  down  the  chain  of  command  in  a 

much  more  timely  fashion.  This  current  need  is,  indeed,  the  main  lesson  learned  of  my  Desert 

Storm  mine  warfare  study,  still  in  progress.  True  understanding  and  communication  of 

mine  warfare  requirements  and  abilities  throughout  the  Navy  was  the  biggest  failure  of 

our  mine  warfare  efforts  in  Desert  Storm,  and  kept  our  forces  from  being  fully  utilized  to 
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the  true  extent  of  their  capabilities.  It  also  led  to  widespread  misunderstanding  of  what,  in 
fact,  they  did  accomplish.  Such  understanding  and  communication  Navy  and  DoD-wide  can 
only  be  accomplished  with  ready  declassification  of  current  documents  and  studies  and  a 
minimization  of  time  restraints  on  documents  in  future  operations. 

Now  is  the  crucial  time  for  an  intellectual  renaissance  in  mine  warfare.  Thanks  to  the 
Naval  Historical  Center,  I  was  able  to  devote  a  major  portion  of  my  time  as  Fleet  Liaison  to 
studying  and  documenting  mine  warfare  history.  When  1  went  to  teach  at  the  Naval  War 
College,  the  minimal  demands  on  my  time  as  a  teacher  of  strategy  and  policy  left  me  time  to 
both  continue  that  work  in  my  spare  time,  and  to  advise  students  studying  mine  warfare  in  the 
Operations  Department.  I  am  also  deeply  indebted  to  RADM  John  Pearson  for  funding  a  year 
and  a  half  of  my  research  into  the  extensive  Desert  Storm  documentation  collected  by  and  held 
at  the  Center  for  Naval  Analysis,  which  the  Naval  Historical  Center  is  currently  planning  to 
take  over.  I  am  no  longer  employed  by  the  Navy,  nor  do  I  have  access  to  my  own  collection 
of  data  from  Desert  Storm,  but  I  continue  to  encourage  others  and  assist  in  their  research. 

The  mine  warfare  community  cannot  plan  to  receive  any  similar  dedication  to 
documenting  their  work  from  those  currently  employed  in  the  established  historical  programs 
of  the  Navy  in  future.  The  successive  Directors  of  Naval  History  have  not  filled  the  position 
of  Fleet  Liaison  since  I  left  it,  nor  do  any  of  their  historians  regularly  deploy,  depending 
instead  on  self-taught  reservists  who  have  to  date  brought  back  from  the  field  a  very  mixed  bag 
of  results.  With  the  appointment  of  a  new  Director  last  year,  I  had  anticipated  improvement  in 
the  Historical  Center’s  support  for  the  fleet,  but  the  recent  selection  of  their  new  Senior 
Historian,  who  declined  to  deploy  during  Desert  Storm  and  who  has  submitted  a  manuscript  as 
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the  Navy’s  official  history  of  the  operation  without  consulting  the  key  Desert  Storm  documents 
at  CNA,  leads  me  to  assume  that  their  future  assistance  to  documenting  mine  warfare  issues 
will  be  limited  at  best. 

As  parents,  we  always  wish,  perhaps  against  human  nature,  that  our  children  would 
learn  from  our  mistakes  to  avoid  repeating  our  own  errors  in  future.  We’re  up  against  a 
similar  problem  here.  Mine  Warfare  documentation  cannot  be  retrofitted.  If  we  want  the  next 
generation  to  avoid  some  of  the  traps  we’ve  seen  in  the  past,  we  must  stop  believing  that 
history  is  a  subject  only  for  arcane  scholarly  consumption  or  teachable  by  any  softball  coach 
with  a  spare  class  period.  We  have  to  do  a  more  thorough  Job  of  documenting  mine  warfare 
and  spreading  the  word. 
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ABSTRACT 

The  Naval  Science  Assistance  Program  (NSAP)  has  a  30-year  history  rich  with  technical  support  to 
naval  operational  forces  that  must  deal  with  the  mine  problem.  This  paper  provides  an  overview  • 
of  NSAP  and  highlights  assistance  provided  to  counter  the  mine  problems  encountered  in 
Vietnam,  the  Middle  East,  and  the  Adriatic. 


INTRODUCTION. 

During  the  Vietnam  conflict,  a  program  was  launched  to  provide  quick-response  technical  assistance  to 
the  Commander,  Naval  Forces  Vietnam.  Called  the  Vietnam  Laboratory  Assistance  Program  (VLAP),  the 
program  drew  upon  the  expertise  of  the  Navy  laboratories  to  solve  a  number  of  new  problems  associated 
with  coastal,  riverine,  and  special  forces  warfare.  Laboratory  scientists  and  engineers  worked  side-by- 
side  with  Navy  and  Marine  Corps  forces  to  introduce  new  technologies  and  to  develop  tactics  for  combat 
situations.  Between  1967  and  1972,  VLAP  participated  in  over  500  projects,  both  in  the  field  and  in  the 
laboratory. 

The  success  of  VLAP  at  providing  rapid  solutions  to  real  problems  prompted  the  Director  of  Navy 
Laboratories  (DNL)  to  expand  this  assistance  to  major  naval  commands,  both  ashore  and  afloat.  In 
June  1970,  the  Navy  Science  Assistance  Program  (NSAP)  was  established  to  make  available  the  full 
spectrum  of  resources  and  capabilities  of  the  Navy  laboratories  to  the  operating  forces.  Unique  among 
the  services,  the  Navy  retained  its  in-field  scientific  advisory  program  after  the  conclusion  of  the  Vietnam 
conflict.  The  Laboratory  Fleet  Support  Project,  initiated  in  1975  to  make  System  Command  (SYSCOM) 
resources  available  to  operational  forces,  was  merged  with  NSAP  in  1978. 

Figure  1  provides  an  overview  of  the  genesis  of  NSAP. 


NSAP  TODAY. 

NSAP  remained  under  the  management  of  the  Naval  Surface  Warfare  Center  (NSWC)  and  its 
predecessor  organizations  throughout  the  1980s  and  into  the  1990s.  As  the  fiscal  realities  of  the  1990s 
caught  up  to  the  Post-Cold  War  defense  posture  of  the  U.S.,  NSAP  also  underwent  changes.  In 
October  1994,  program  management  of  NSAP  was  moved  to  the  Navy’s  full-spectrum  corporate 
laboratory,  the  Naval  Research  Laboratory  with  the  program  office  co-located  at  and  reporting  to  the 
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Office  of  Naval  Research  (ONR).  Historically,  this  is  a  significant  event  because  it  demonstrates  a  closer 
linkage  between  the  Department  of  Navy  corporate  Science  and  Technology  (S&T)  community  and  the 
Fleet  and  Fleet  Marine  Forces. 

NSAP  was  renamed  the  Naval  Science  Assistance  Program  in  September  1995.  Figure  2  provides  the 
mission,  vision,  and  guiding  principles  of  NSAP  today.  NSAP  is  the  two-way  bridge  between  the  operator 
and  the  technical  community  and  provides  the  following: 

•  On-the-spot  S&T  Advisors 

•  Technology  assistance  to  solve  real  problems  rapidly  and  affordably 

•  Operator  influence  on  long  term  S&T  investments. 

The  foremost  goals  of  the  program  are  summarized  in  Figure  3.  Improved  support  to  forward  deployed 
forces,  specific  technical  priorities,  and  management  of  the  collective  knowledge  base  within  the  Advisor 
Corps  and  Program  Office  are  critical.  Emphasis  on  numbered  Fleets,  Type  Commanders,  and  Fleet 
Marines  is  driving  a  series  of  C4ISR,  readiness,  and  maintenance  burden  reduction  initiatives  by  NSAP. 
The  knowledge  base  of  the  NSAP  team  is  being  managed  by  use  of  an  NSAP  Web  page  available  to  all 
associated  with  the  program.  This  Global  Technical  Tactical  Information  Center  (GTTIC)  provides  a  quick 
reference  to  the  ongoing  issues  addressed  by  the  program. 

Today,  NSAP  has  S&T  Advisors  at  29  Joint/Navy/Marine  Corps  commands  identified  in  Figure  4.  The 
Advisors  generally  report  directly  to  the  Flag  and  General  Officers  and  deploy  forward,  both  ashore  and 
afloat,  as  needed.  The  Advisors  are  recruited  from  the  naval  RDT&E  infrastructure  noted  in  Figure  5. 
During  the  past  five  years,  Advisors  have  deployed  during  a  number  of  real-world  crises  and  conflicts  to 
assist  in  new  tactics  development,  technology  insertions,  and  to  support  component  commanders  during 
military  operations.  See  Figure  6  for  some  examples  of  crisis  response  support. 


NSAP  PRODUCTS. 

Sample  NSAP  product  lines  are  given  in  Table  1. 

Each  year,  NSAP  S&T  Advisors  coordinate  the  development  of  Command  Technology  Issues  (CTIs). 

CTIs  are  formally  approved  and  prioritized  by  the  Fleet/Force  Commanders  and  forwarded  to  the  NSAP 
Program  Office  in  ONR.  They  are  structured  around  the  Department  of  Navy  Joint  Mission  Areas/Support 
Areas  (JMAs/SAs)  and  provide  specific  operational  deficiencies  amenable  to  technical  solutions.  These 
CTIs  are  the  driver  for  most  NSAP  investments  and  are  also  provided  to  CNO/N-091  to  support  the  S&T 
Requirements  Guidance  generated  by  the  internal  Navy/Marine  Corps  Round  Table  process.  This 
process  will  not  be  elaborated  on  further  here,  but  it  is  described  thoroughly  in  Reference  1. 

NSAP  develops  and  distributes  the  “Technologies  for  Rapid  Response"  or  “Blue  Book”  for  ONR.  The  Blue 
Book  is  a  compendium  of  mature  technologies  that  may  contribute  significantly  to  readiness  and 
effectiveness  and  may  impact  our  tactics  and  concepts  of  operations.  While  not  yet  thoroughly  validated 
for  safety,  the  technologies  are  ready  for  operational  evaluation  before  transition  to  advanced 
development  and  acquisition  programs.  The  Fleets/Forces  selected  10  technologies  from  the  June  1995 
Blue  Book,  Reference  2,  which  are  being  executed  by  CINCPACFLT  as  the  executive  agent  for  the 
CINCs/Fleet  Marines.  Selections  by  the  Fleets/Forces  for  the  new  edition  of  the  Blue  Book,  Reference  3, 
have  been  received  and  will  be  inserted  in  the  Fleets/Forces  by  ONR  during  1997. 

A  summary  of  NSAP  products  for  FY95,  FY96,  and  planned  for  FY97  are  given  in  the  first  “Green  Book,” 
Reference  4.  It  is  intended  that  this  document  will  foster  the  transition  of  these  products  to  other  theaters, 
users,  and  development  programs,  including  IRAD  and  industrial  programs.  Ninety-two  products  are 
briefly  described  in  the  Green  Book  and  are  the  result  of  the  insertion  of  mature  technologies,  systems 
integration  of  on-the  sheif  naval  and  commercial  technologies,  advanced  demonstrations,  analyses,  and 
workshops.  Notable  products  include: 
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•  Extended-life  UNREP  winch  friction  drums  whose  improvement  in  wear  resistance  represent 
more  than  an  order  of  magnitude  improvement. 

•  Specific  Emitter  Identification  (SEI)  ship  ID  and  tracking  system,  used  operationally  in  the 
Persian  Gulf,  in  support  of  Bosnia  operations,  and  for  counter-drug  work  in  the  Caribbean. 

•  Concentric  Canister  Launcher,  a  low-weight,  low-maintenance,  inexpensive  alternative  to 
VLS,  seen  as  a  candidate  system  for  SC21  and  the  Arsenal  Ship. 

•  Automation  of  ballistic  calculations  for  naval  gunfire  by  using  GPS  position  data  inputs  to 
increase  accuracy  and  decrease  effective  reaction  time. 

•  An  expendable,  low-cost,  realistic,  maneuvering  surface  target  for  live-fire  self-defense 
exercising  by  ships  at  sea,  which  has  inspired  a  variety  of  possible  other  uses. 

•  A  sniper  scope  vision-splitter  which  allows  both  the  shooter  and  an  instructor/observer  to  see 
the  same  image  simultaneously,  also  recording  it  for  later  playback  during 
engagement/training  reconstruction. 

•  Major  connectivity,  compatibility  and  interoperability  improvements  in  C4I,  especially  for 
combined,  coalition,  and  allied  operations  in  the  NAVCENT  AOR. 

Figure  7  provides  a  summary  of  products  by  theater.  Forty-eight  products  were  delivered  to  the  Pacific, 
twenty-three  to  the  Atlantic,  five  to  Europe,  nine  to  Central,  and  the  rest  were  to  other  commands.  Figure 
8  summarizes  the  products  by  command  type.  Twenty-three  percent  of  products  supported  the  Navy 
CINCs,  twenty-five  percent  the  type  commanders,  eleven  percent  the  numbered  fleets,  and  twenty-six 
percent  the  Marine  Corps.  The  numbers  of  products,  by  themselves,  are  not  reflective  of  the  impact  of 
NSAP  on  any  single  command  because  some  are  the  results  of  fairly  small  efforts,  while  others  are  more 
significant.  Figure  9  summarizes  the  products  by  JMA/JSA.  More  than  half  of  the  products  respond  to 
CTIs  which  fall  within  Joint  Littoral  and  Joint  SEW/Intelligence-Joint  Surveillance. 


NSAP  AND  MINE  WARFARE. 

Over  the  past  30  years,  NSAP  has  had  a  close  association  with  all  aspects  of  Mine  Warfare  and  has 
supported  a  Science  Advisor  at  COMINEWARCOM,  and  its  predecessor  COMINEWARFORCE,  since 
1972.  In  addition  to  the  Science  Advisor,  NSAP  has  supported  a  large  number  of  projects  (NSAP  tasks) 
that  have  supported  major  military  operations.  Recent  efforts  are  indicated  in  the  Blue  Books  and  the 
Green  Book.  A  few  historical  efforts,  in  support  of  major  regional  conflicts  and  crises,  are  traced  below. 

Operation  END  SWEEP  (Vietnam  1973L 

NSAP  supported  the  mining  and  clearance  of  Haiphong  harbor  with  a  number  of  tasks  such  as  those 
identified  in  Table  2.  Before  the  mining  of  Haiphong,  the  National  Command  Authority  required  a  plan  to 
determine  how  well  the  U.S.  sweep  devices  would  work  against  U.S.  laid  mines.  NSAP  developed  the 
Destructor  Simulator  (DST)  which  provided  sufficient  confidence  to  allow  the  mining  of  the  harbor  to  go 
forward.  Other  efforts  supporting  END  SWEEP  determined  the  hazards  helicopters  would  encounter  as 
they  approached  mines,  navigation  requirements  for  effective  sweep  systems,  and  a  prediction  of  the  time 
required  to  sweep  the  harbor.  The  mining  of  Haiphong  harbor  is  generally  considered  to  have  been  a 
pivotal  point  in  the  negotiations  to  release  U.S.  POWs,  especially  when  the  U.S.  ceased  to  sweep.  END 
SWEEP  was  successful  not  only  from  this  diplomatic  and  humanitarian  viewpoint,  but  as  well, 
operationally,  as  only  one  mine  was  detonated  during  the  entire  operation. 

Operation  NIMBUS  STAR  (Suez  Canal  1973-1974). 

The  conclusion  of  the  Arab-lsraeli  War  found  the  Suez  Canal  littered  with  wreckage  mixed  with  mines  and 
unexploded  ordnance.  Clearance  of  the  Canal  was  an  international  effort  lead  by  COMINEWARFORCE, 
under  the  leadership  of  Rear  Admiral  McCauley.  NIMBUS  STAR  was  an  air  Mine  Countermeasure 
(MCM)  sweep  operation.  Over  120  square  miles  were  swept  in  just  over  a  month  without  a  single  mine 
being  detonated  or  any  loss  of  helicopters.  NSAP  supported  the  operation  with  a  number  of  tasks  listed  in 
Table  3. 
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Operation  EARNEST  WILL  (Persian  Gulf  1987). 

In  1987,  hostilities  in  the  Persian  Gulf  flared,  and  the  U.S.  Navy  was  on-scene  to  ensure  safe  shipping 
and  rites  of  passage.  Initially,  the  only  MCM  capability  in  the  Gulf  consisted  of  two  ocean  going  tugs 
equipped  with  mechanical  sweep  gear.  Figure  10  is  a  photograph  of  one  of  those  tugs.  The  tugs  were 
two  converted  Kuwaiti  vessels,  HUNTER  and  STRIKE.  Deploying  the  sweep  gear  between  them,  the 
tugs  lead  ship  convoys  through  the  waters  of  the  Persian  Gulf. 

During  EARNEST  WILL,  the  IRAN  AJR  was  captured,  see  Figure  1 1 .  Special  Warfare  forces  spotted 
IRAN  AJR  dropping  mines  and  fired  warning  shots  to  stop  the  mining.  When  the  Special  Forces  returned 
to  the  scene  after  a  brief  absence  while  refueling  their  helicopter,  the  IRAN  AJR  was  laying  mines  again. 
After  the  Special  Forces  were  ordered  to  stop  the  mining  by  any  means,  they  opened  fire  and  the  crew  of 
IRAN  AJR  desisted  the  minelaying  and  abandoned  ship.  At  first  light.  Special  Forces  boarded  the 
abandoned  ship  finding  the  M08,  World  War  I  vintage  mines  shown  in  Figure  12.  Figure  13  shows  the 
simple  mine  deployment  device  used  with  the  M08  aboard  IRAN  AJR.  Clearly,  any  vessel  capable  of 
carrying  the  mines  could  be  used  as  a  mine  layer. 

Throughout  EARNEST  WILL,  safety  of  U.S.  ships  at  night  was  a  concern.  Figure  14,  shows  a  simplistic 
triangle  of  lights  placed  on  the  highest  decks  of  the  vessels  to  identify  them  at  night. 

NSAP  was  on  scene  in  the  Gulf  throughout  EARNEST  WILL,  supporting  the  sweeping  operations  and 
other  military  activities.  The  photographs  shown  were  taken  by  NSAP  Advisor  Mr.  Al  Hale. 

Operation  DESERT  SHIELD/STORM  iPersian  Gulf  1990-19911. 

NSAP  provided  technical  assistance  throughout  the  planning,  ramp-up,  and  fighting  during  DESERT 
SHIELD/STORM.  Advisors  were  deployed  with  ground  forces  and  throughout  the  Gulf,  and  the  Program 
Office  was  operational  24  hours  a  day,  relying  on  permanent  civilian  staff  and  naval  reserve  officers  to 
support  the  Fleets/Forces.  During  this  period,  the  COMINEWARCOM  NSAP  Advisor  worked  closely  with 
the  Commanding  Officers  of  MCM  ships  to  reduce  signatures  of  those  vessels,  see  Figure  15.  NSWC 
was  key  to  this  effort  which  proved  highly  effective  and  lead  to  a  full-fledged  signature  reduction  program. 

Throughout  DESERT  SHIELD/STORM,  the  threat  to  surface  vessels  from  floating  and  drifting  mines  was 
significant.  To  complicate  the  threat,  the  mine  fields  were  also  contaminated  by  floating  dead  sheep, 
garbage  bags,  and  other  debris.  The  NSAP  Advisor  demonstrated  a  mast  mounted  IR  device  which  was 
shown  to  be  very  effective  in  distinguishing  mines  from  debris. 

As  a  follow-on  effort  to  the  Gulf  War,  NSAP  supported  an  effort  conducted  by  NSWC  to  develop  a 
planning  simulator  for  mine  clearing  operations  in  the  Strait  of  Hormuz.  Matching  the  threat  against  MCM 
techniques,  realistic  concepts  of  operation  have  been  developed. 

Operation  JOINT  ENDEAVOR  f Adriatic  1 995-1 996L 

During  the  early  days  of  U.S.  naval  operational  support  to  NATO  efforts  in  the  former  Yugoslavia,  NSAP 
initiated  a  task  to  provide  estimates  of  potential  mine  threats  in  the  Adriatic.  Estimates  of  foreign  mine 
performance  were  incorporated  into  a  model  which  provides  estimates  of  safe  water  depth  and  safe 
passage  near  mines,  see  Figure  16.  This  was  followed  by  an  effort  to  determine  tactics  for  U.S. 
helicopters  for  EOD  insertions  to  neutralize  the  mines,  see  Figure  17.  Both  of  these  efforts  were 
conducted  by  NSWC,  and  the  tools  have  been  transitioned  to  the  operators. 


SUMMARY. 

We  have  provided  a  summary  of  the  Naval  Science  Assistance  Program  (NSAP)  and  technical  assistance 
provided  to  solve  mine  problems  over  the  last  30  years.  The  real  success  story  resides  in  the  NSAP  S&T 
Advisors  with  their  technical  know-how,  willingness  to  go  forward  in  harm’s  way,  and  ability  to  leverage  the 
entire  naval  technical  enterprise  both  quickly  and  effectively.  Their  on-the-spot  influence  on  operational 
readiness  can  not  be  found  elsewhere  in  the  Fleets/Forces. 
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A  number  of  historical  references  were  used  during  the  preparation  of  this  paper  and  are  given  in  Table  4. 
Acknowledgments  of  individuals  who  contributed  to  results  reported  in  this  paper  are  in  Table  5. 
Additionally,  the  NSAP  tasks  mentioned  throughout  were  generally  performed  by  the  Navy  labs,  warfare 
centers,  and  universities.  Additional  information  regarding  the  NSAP  tasks  identified  in  the  Figures  and 
Tables  can  be  provided  by  nsaphist@nemo.nosc.mil. 
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FIGURE  1  -  OVERVIEW  OF  GENESIS  OF  NAVAL  SCIENCE  ASSISTANCE  PROGRAM  (NSAP) 
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From  Hot  War  to  Cold  War  ...  cS:  Beyond 


FIGURE  2  -  MISSION,  VISION,  AND  GUIDING  PRINCIPLES  OF  NSAP  (1996-1997) 
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FIGURE  3  -  NSAP  STRATEGIC  GOALS  (1996-1997) 
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Capitalize  on  technical  insertion/evaluation 
experiences 
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Indicates  Joint  Command 
Indicates  Naval  Command 
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FIGURE  7  -  NSAP  PRODUCTS,  BY  THEATER,  DURING  1995-1997 


FIGURE  8  -  NSAP  PRODUCTS,  BY  COMMAND  TYPE,  DURING  1995-1996 
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FIGURE  10  -  MCM  TUG  USED  DURING  OPERATION  EARNEST  WILL  (PERSIAN  GULF  1987) 


FIGURE  11  -  CAPTURED  MINELAYER  IRAN  AJR 


FIGURE  12  -  CAPTURED  M08  MINES  ABOARD  IRAN  AJR 


FIGURE  13  -  MINE  DEPLOYMENT  DEVICE  ABOARD  IRAN  AJR 
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FIGURE  15  -  SIGNATURE  REDUCTION  OF  MCM  SHIPS  DURING  OPERATION  DESERT 
SHIELD/STORM  (1990-1991) 
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FIGURE  17  -  NSAP  HELICOPTER  VULNERABILITY  TASK  DURING  OPERATION  JOINT  ENDEAVOR 
(ADRIATIC  1995-1996) 
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TABLE  1  -  NSAP  PRODUCT  LINES 
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TABLE  2  -  SAMPLE  NSAP  TASKS  DURING  OPERATION  END  SWEEP  (VIETNAM  1973) 
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TABLE  3  -  SAMPLE  NSAP  TASKS  DURING  OPERATION  NIMBUS  STAR  (SUEZ  CANAL  1973-1974) 
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Naval  Coastal  Systems  Lab,  March  1973 

United  States  Navy  in  “Desert  Shield”,  “Desert  Storm 
Office  of  the  Chief  of  Naval  Operations,  May  1991 
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MINE  COUNTERMEASURES 
EXERCISE  ANALYSIS 


A  HISTORICAL  REVIEW 

George  W.  Pollitt 
Mine  Warfare  Command 
325  Fifth  St.,  SE 
Corpus  Christi,  TX  78419 


ABSTRACT 

During  the  1980s  Mine  Countermeasures 
(MCM)  exercises  emphasized  the  clearance 
of  Continental  United  States  (CONUS)  ports 
to  enable  the  resupply  of  Europe.  Three  to 
four  exercises  were  analyzed  each  year  to 
measure  the  tactical  parameters  used  in  the 
planning  and  evaluation  process.  At  the  end 
of  the  Cold  War  emphasis  shifted  to  littoral 
warfare,  which  required  a  much  faster 
reaction  to  changing  circumstances. 

INTRODUCTION 

This  paper  reviews  MCM  exercise 
analysis  conducted  by  the  staff  of 
Commander,  Mine  Warfare  Command 
(COMINEWARCOM)  since  the  early  1980s. 

EXERCISE  ANALYSIS  IN  THE  1970s 

In  the  late  1970s,  COMINEWARCOM 
was  a  field  activity  of  the  CNO.  The 
commanders  of  various  MCM  forces 
reported  through  different  chains  of 
command.  Exercise  analyses,  when 
performed,  were  directed  by  the  MCM 
Commander  and  were  usually  prepared  after 
the  exercise  by  his  operations  staff.  MCM 
exercise  reports  of  the  late  1970s  and  early 


1 980s  were  generally  of  two  types;  one  type 
said  “look  how  great  we  did;”  the  other  type 
said,  “we  can’t  do  the  job  without  precise 
navigation,  neutralization  systems,  buried 
mine  detection,  etc.,”  or  whatever  perceived 
deficiency  the  Commander  wanted  to 
document.  No  standardized  format  was 
followed,  and  there  was  little  analysis  of 
baseline  capabilities. 

EXERCISE  ANALYSIS  IN  THE  1980s 

COMINEWARCOM  was  responsible  for 
analyzing  Mine  Warfare  exercises,  but 
without  ownership  of  the  forces,  the  staff  did 
not  always  have  access  to  the  data  it  needed 
to  perform  detailed  and  objective  analyses. 

In  early  1981  COMINEWARCOM  drafted  a 
charter  which  established  an  MCM  Exercise 
Analysis  Section  (MEAS)  and  its  functions 
and  specified  which  exercises  the  Command 
intended  to  analyze  for  FY81  and  FY82. 

The  Fleet  Commanders  in  Chief  endorsed  the 
charter  and  a  formal  program  of  exercise 
analysis  began.  The  MEAS  was  comprised 
of  three  officers  representing  Surface  MCM 
(SMCM),  Airborne  MCM  (AMCM),  and 
Explosive  Ordnance  Disposal  (EOD)  diver 
MCM.  The  MCM  Analyst  worked  part  time 
on  exercise  analysis,  and  there  was 
occasional  support  from  contractors  or  the 
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Coastal  Systems  Station  in  Panama  City,  FL. 
To  do  the  lengthy  evaluation  computations, 
COMINEWARCOM  developed,  with  help 
from  contractors  and  the  laboratory  in 
Panama  City,  an  automated  routine  called 
the  MCM  Commander’s  Tactical  Decision 
Aid  (MCM-CTDA). 

MCM  COMMANDER’S  TACTICAL 
DECISION  AD) 

The  MCM-CTDA  calculated  estimated 
percent  clearances  against  different  mine 
types  in  different  parts  of  the  clearance  area 
based  on  the  amount  of  hunting  and 
sweeping  applied  and  on  planning  estimates 
of  each  system’s  effectiveness.  This  type  of 
calculation  is  called  “MCM  Evaluation”  as 
opposed  to  “analysis”  which  comes  after  the 
exercise  or  operation  is  complete.  The 
advantage  to  the  analyst  of  evaluating 
ongoing  exercises  was  that  the  process 
collected  the  operational  data  in  the 
computer  that  would  be  needed  for  later 
exercise  analysis.  The  benefit  to  the  MCM 
Commander  was  that  he  received  a  daily 
status  of  his  clearance  operation  which 
facilitated  tasking  decisions.  One  MCM 
Commander  called  the  daily  evaluation 
results  his  “cheat  sheet”  because  it  made  his 
job  so  much  easier.  Thus  the  analyst 
provided  a  useful  service  and  was  not  just  an 
observer  or  critic.  Incidentally,  the  MCM- 
CTDA  was  designed  to  accept  hunting  data, 
influence  sweeping  data,  and  mechanical 
sweeping  data  which  the  program  combined 
into  estimated  percent  clearances.  It  could 
account  for  delay  arming  and  ship  counts. 

As  the  model  evolved,  routines  were  added 
to  keep  track  of  known  mine  positions,  i.e., 
“mine  totes,”  and  to  estimate  the  residual 
threat  to  transitors  based  on  percent 
clearance  applied  and  number  of  mines 
cleared.  The  estimated  threat  is  the 
information  which  the  MCM  Commander’s 


boss  is  most  interested  in.  The  biggest 
disadvantage  of  the  MCM-CTDA  was  that  it 
was  not  programmed  in  a  modem  computer 
environment,  and  the  data  was  tedious  to 
enter.  For  these  reasons,  the  MCM-CTDA 
never  became  a  mainstream  aid  operated  by 
MCM  planners. 

POST-EXERCISE  ANALYSES 

At  the  end  of  the  tactical  phase  of  each 
exercise,  data  was  available  in  the  computer 
to  perform  a  Quicklook  analysis.  Emphasis 
was  placed  on  calculating  the  tactical 
parameters  which  would  be  needed  for 
future  planning.  Parameters  routinely 
calculated  included  the  achieved 
Characteristic  Search  Probabilities  for 
minehunting  and  Usage  Factors  for  different 
platforms  and  systems.  There  was  almost  no 
historic  database  for  these  parameters  in  the 
early  1980s.  They  were  important  not  only 
for  MCM  planning  purposes  but  also  for 
analyzing  force  level  requirements.  In  the 
beginning,  estimates  of  the  tactical 
parameters  used  for  evaluation  were 
optimistic  so,  as  might  be  expected,  the 
MCM-CTDA  overestimated  actual  percent 
clearances.  These  entering  arguments  were 
adjusted  based  on  prior  exercise  results,  so 
the  evaluation  estimates  got  better  and  better 
as  time  went  on.  This  feedback  of  analysis 
results  into  the  planning  and  evaluation 
process  provided  calibration  for  the  MCM- 
CTDA  routines. 

EXERCISES  ANALYZED 

The  MEAS  analyzed  3  to  4  exercises 
every  year  between  1981  and  1987.  In  1987 
the  exercise  cycle  was  broken  by  the  start  of 
the  Tanker  War,  as  MCM  men  and 
equipment  were  sent  to  the  Persian  Gulf 
During  the  summer  of  1988,  OPNAV 
established  Project  Tasking  Kingfisher  which 
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tested  the  effectiveness  of  existing  equipment 
in  Panama  City  and  in  the  Persian  Gulf 
Members  of  COMINEWARCOM  and 
OPTEVFOR  staffs  formed  the  Ashore 
Tactical  Evaluation  Detachment  (ATED) 
which  analyzed  selected  systems  in  the 
Persian  Gulf,  including  a  modified  Anti- 
Submarine  Warfare  (ASW)  sonar  which 
could  detect  mine  sized  objects.  This 
modification  became  known  as  the 
Kingfisher  Mod.  In  the  summer  of  1991,  a 
team  of  analysts  fi'om  COMINEWARCOM 
and  the  Coastal  Systems  Station  went  to  the 
Persian  Gulf  and  evaluated  the  DESERT 
STORM  clean  up  operation  for 
COMUSNAVCENT.  TheMCM-CTDA 
was  the  tool  used  for  the  calculations. 

MCM  EXERCISE  AND 
OPERATIONAL  ANALYSIS 

The  table  below  summarizes  the  analyses 
performed  in  the  1980s  by  the 
COMINEWARCOM  MEAS. 

APPLICATIONS  OF  ANALYSIS 
RESULTS 

The  exercise  analyses  shown  in  the  table 
were  tied  to  MCM  tactical  development. 
Values  of  achieved  Characteristic  Search 
Probabilities  were  used  to  update  tables  in 
the  Naval  Warfare  Publications  (NWPs)  and 
to  calibrate  the  MCM  planning  and 
evaluation  models.  An  annual  MCM 
Operations  Tactics  Group  (MCM  OTG)  was 
formed  to  guide  the  process  of  feeding 
exercise  lessons  learned  into  existing  and 
developmental  tactics.  Emphasis  at  that  time 
was  to  develop  MCM  tactics  that  integrated 
the  use  of  surface  MCM,  AMCM,  EOD, 
MCM  Craft  of  Opportunity  (COOP)  and 
other  MCM  assets.  Among  the  tactics 
developed  through  the  MCM  OTG  process 
and  validated  through  exercise  analysis  were: 


Integrated  MCM  Task  Force  Tactics;  MCM 
Port  Breakout  Tactics;  MCM  Tactics  in 
Amphibious  Operations;  MCM 
Communication,  Command  and  Control;  and 
MCM  Navigation  Tactics. 

THE  WAY  AHEAD 

At  the  end  of  the  Cold  War,  emphasis 
shifted  away  from  CONUS  port  breakout 
toward  littoral  warfare,  which  required  faster 
reaction  to  changing  circumstances.  To 
facilitate  fast  reaction,  work  was  initiated  to 
develop  a  modem  Command,  Control, 
Communications,  Computers  and 
Intelligence  (C4I)  system.  The 
computational  part  of  the  new  C4I  is  the 
MTW  Environmental  Decision  Aid  Library 
(MEDAL),  which  is  JMCIS  compatible.  A 
Mine  Warfare  Readiness  and  Effectiveness 
Measuring  (MIREM)  program  has  been 
initiated  to  analyze  Mine  Warfare  exercises 
in  the  same  way  that  SHAREM  analyzes 
ASW  exercises. 
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MCM  EXERCISE  AND  OPERATIONAL  ANALYSIS 
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DEVELOPMENT  HISTORY 

OF 


THE  FAMILY  OF 


ABSTRACT 


Mines  are  effective  and  economical  weapons.  This  has  been  demonstrated 
in  the  Vietnam  conflict.  The  use  of  the  Destructor  (DST)  weapons  in  this 
extensive  mining  campaign  is  now  being  recognized  as  a  major  factor  in  the 
termination  of  this  conflict. 

The  DST  Mk  36  has  been  deployed  in  large  quantities  by  the  Navy,  Air 
Force,  and  Marines. 

The  DST  is  an  aerial  bomb  that  has  been  converted  into  a  mine.  Developed 
by  the  Naval  Ordnance  Laboratory,  VThite  Oak,  the  DST  concept  employs  the 
components  and  tools  of  the  Modification  Kit  Mk  75  to  convert  any  of  the 
Navy’s  Mk  80  series  bombs  and  the  USAF  bomb  M117  into  a  mine. 

The  DST  is  a  magnetic  or  mag/seism.ic  influence  mine.  Typically  employed 
from  aircraft  in  either  the  free-fall  or  retarded  modes — along  roads,  trails, 
waterways  or  in  harbors — the  DST  lies  concealed  as  a  land  or  naval  mine  to 
await  the  approach  of  a  suitable  target.  Land  targets  range  from  trucks  to 
trains;  water  targets  from  sam.pans  to  freighters. 

The  Modification  Kit  Mk  75  costs  $350.  It  can  be  assembled  in  less  than 
15  minutes  and  can  be  handled  like  standard  weapon  components.  DST  requires 
no  field  testing,  no  special  training  or  tactics,  and  no  modification  to 
the  aircraft. 

The  DST  provides  a  highly  versatile,  cost  effective  threat  which  extends 
the  use  of  existing  weapons  and  delivery  systems.  Over  1/3  million  have 
been  produced. 


Charles  A.  Rowzee 
Naval  Ordnance  Laboratory 
vrhite  Oak,  Maryland 
June  1973 
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CONCEPT 


Naval  mining  has  always  proved  to  be  an  effective  weapon — but  why  then  is 
it  not  attractive  to  the  Fleet?  In  an  attempt  to  stimulate  interest  in  naval 
mining  the  concept  of  a  bomb-mine  originated .  It  was  1959  when  an  excess  of 
250#  GP  bombs  became  apparent  and  concern  as  to  what  could  be  done  with  this 
excess  was  being  considered.  IJhy  not  a  bomb-mine?  A  bomb  that  can  be 
converted  to  a  mine.  If  mines  could  be  treated  as  bombs >  they  might  become 
more  attractive  to  the  Fleet.  This  was  the  origin  of  the  bomb-mine  concept. 
Subsequently,  several  engineering  models  were  fabricated  and  tested. 

Concern  at  NOL  and  elsewhere  for  possible  deficiencies  in  the  Navy^s 
arsenal  of  weapons  for  conducting  limited  war  led  in  1960  to  a  systematic  study 
by  the  "Limited  War  Study  Committee,"  whose  objective  was  to  determine  the 
types,  characteristics,  and  feasibility  of  weapons  required  to  prosecute 
future  limited  wars. 

As  a  result  of  this  committee  study,  a  feasibility  study  of  small,  anti- 
amphibious  mines  to  be  coupled  with  a  fast  mine-laying  technique  was  initiated. 
An  NOL  study  group  was  established  to  form  the  "Survey  Committee."  In  1962 
the  findings  of  this  committee  were  reported  in  NOLTP  62-71  which,  among  other 
proposals,  recommended  the  "Anti-Invasion  Mine"  (bomb-mine  concept). 

EARLY  DEVELOPMENT 


At  the  6th  Mine  Conference  Meeting  (1962)  a  bomb-m.ine  concept  was 
proposed  using  old  GP  bombs  with  short  search  coil.  This  concept  attracted 
little  attention.  In  1964  NOL  initiated  the  thin  film  sensor  development 
with  the  Burroughs  Corporation  to  provide  an  alternate  sensor  for  the  search 
coil.  By  1966  this  sensor  looked  promising  for  naval  mines.  VJhen  NOL  was 
asked  what  could  be  done  to  interdict  the  inland  waterways  of  SEA,  among 
other  suggestions,  the  bomb-mine  concept  was  recommended.  In  August  of  1966 
this  concept  was  adopted  and  development  of  a  kit  to  convert  the  now 
stockpiled  Mk  82  bombs  into  mines  (since  no  GP  bombs  were  left)  was  initiated 
by  NOSC. 

This  kit  was  the  Mk  75  Modification  Kit  which  contained  all  the 
components  necessary  to  convert  a  conventional  bom.b  into  an  underwater  mtine 
or  land  mine.  The  converted  bomh-to-mine  weapon  was  called  the  Destructor — by 
definition  a  cylindrical  metallic  item,  containing  explosives.  In  name  this 
weapon  was  neither  a  bomb  nor  a  mine,  and  provided  interesting  alternatives, 
on  paper  at  least,  whenever  there  was  a  bombing  or  mining  halt. 
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Within  six  months  a  weapon  system  was  avai3.able  for  Fleet  operational 
evaluation.  By  June  1967 — ^10  months  later — the  DST  Mk  36  was  deployed  and 
has  been  used  continuously  ever  since.  Over  a  1/4  million  DST’s  have  been 
deployed  in  waterways  and  on  roads  without  a  safety  incident.  This  large- 
scale  usage  shows  the  attractiveness  to  the  Services  of  this  weapon  system. 
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No  major  problems  or  delays  occurred  in  the  entire  program.  This  may 
have  been  due  in  part  to  the  frequent  visits  by  the  weapon  technical  experts 
in  areas  where  difficulty  might  be  experienced.  For  the  initial  assembly 
and  deployment  of  the  DST  weapon,  an  NOL  expert  over-saw  the  entire  operation. 

In  the  depot  test  area  at  Subic  an  NOL  expert  assisted  in  the  early  stages  of 
mechanism  testing  to  insure  that  this  operation  continued  without  interruption. 
On  two  occasions  problems  occurred  which  could  have  been  disastrous,  but 
fortunately  a  rapid  solution  was  achieved  »diich  eliminated  a  crisis.  The  first 
incident  occurred  during  the  fabrication  of  firing  mechanisms  for  Laboratory 
and  Fleet  evaluation.  The  firing  mechanisms  passed  all  tests  and  the  final 
step  of  potting  was  completed.  All  mechanisms  failed  after  potting.  Hindsight 
showed  that  excessive  heat  generated  during  curing  cycle  damaged  the  electronics. 
Since  this  was  a  six-month  development  plan  it  appeared  that  the  program  would 
be  canceled.  The  design  had  proven  satisfactory  so  Burrough’s,  by  some  magic, 
was  able  to  procure  sufficient  components  to  meet  the  scheduled  delivery. 

This  time  the  potting  material  was  replaced  by  the  glass  beads.  The  second 
incident  occurred  after  some  lOOK  Mk  42  Mechanisms  had  been  manufactured. 

The  Mk  24  electro-chemical  timer  developed  intermittent  operation.  Investi¬ 
gation  revealed  a  chemical  reaction  between  solution  and  gasket  to  be  the 
cause.  Since  undeslred  elements  in  chemical  solution  and/or  gasket  material 
could  not  be  specified,  the  E-cell  timer  was  introduced  into  the  design. 

To  prevent  a  production  delay,  the  Mk  24  electro-chemical  timers  were  paralled 
which  demonstrated  a  reliability  of  99%.  The  new  E-cell  design  followed 
shortly  without  any  delay  to  the  Fleet  requirements. 

Here  is  a  new  concept  for  a  relatively  major  weapon — tdie  bomb-mine  concept 
provides  a  means  to  achieve  a  reliable  low-cost  large-scale  usage  weapon. 

There  is,  however,  a  wide-spread  belief  that  the  DST  weapon,  while  fulfilling 
an  urgent  need,  was  nevertheless  an  interim  "quick  and  dirty"  stop-gap 
approach.  To  those  familiar  with  this  weapon  and  mining  in  general,  this  is 
an  erroneous  belief,  for  the  DST  has  proven  itself  as  a  most  reliable,  cost 
effective,  and  as  safe  a  mine  system  ever  developed.  Not  widely  known  is 
that  the  development  of  the  original  "bomb-mine"  and  the  follow-on  DST  weapon 
both  followed  the  same  specific  approach.  The  approach  taken  was  straight 
forward:  This  weapon  development  approach,  together  with  specific  examples 
of  how  implemented,  should  illustrate  how  development  costs  and  time  can  be 
significantly  reduced  while  still  providing  dependable  ordnance. 

REALISTIC  REQUIREMENTS  WERE  ESTABLISHED: 

The  customary  mine  operating  life  frcm  1  to  2  years  was  relaxed  to  4  -  6  months, 
which  has  since  proven  adequate.  Weapon  on-deck  assembly  did  not  meet  HERO 
safety  requirements.  While  safety  requirements  were  not  relaxed,  the  problem 
was  resolved  by  assembling  the  weapon  below  deck  where  electromagnetic 
radiation  was  reduced  to  a  safe  level.  No  countermeasure  protection  was 
required  for  the  initial  mod  even  though  some  existed.  Increased  protection 
was  gradually  provided  in  subsequent  mods. 
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INTERCHANGEABLE  WITH  ATTACK  ORDNANCE  WAS  MAINTAINED; 

For  the  weapon  the  Mk  80  Series  Bomb  was  used  without  case  modifications 
so  that  stores  could  be  used  by  merely  supplying  an  adaption  kit. 

EXISTING  PROVEN  DESIGNS  WERE  USED  BASICALLY: 


The  safety  and  arming  was  provided  by  modifying  the  Army's  M904  impact  fuse. 

The  explosive  link  between  detonator  and  main  charge  was  provided  by  an 
Air  Force  booster. 

The  influence  detector,  v^ile  not  yet  in  production,  was  provided  by  a 
simple  rugged  thin-film  magnetic  sensor  developed  by  the  Burroughs  Corporation 
under  an  earlier  NOL-IED  exploratoiy  development  task. 

LOGISTIC  SIMPLICITY  WAS  ACHIEVED  ; 

This  weapon  is  logistically  simple.  It  is  handled  much  like  a  bomb.  It 
requires  no  special  training  or  personnel  and  little  or  no  testing.  Weapon 
assembly  <15  minutes.  Also,  since  it  makes  use  of  on-board  ordnance,  it 
does  not  require  extensive  carrier  storage  space. 

LOW  COST  WAS  ACHIEVED: 

Use  of  proven  designs  in  production  brought  kit  cost  to  under  $350,  and 
greatly  increased  the  chances  for  a  successful  and  useful  development. 

Program  pace  was  maintained  at  "fire-drill”  level,  i.e.,  top-priority, 
quick -reaction,  SEA-response  type.  This  has  been  demonstrated  as  an 
efficient  development  approach  as  it  forces  effort  to  be  concentrated  on 
major  considerations.  Things  such  as  delay  arming  settings,  number  of 
options,  and  countermeasure  resistance  can  be  discussed  at  great  length 
without  achieving  significant  results. 

EFFECTIVE  COOPERATION  BEH^EN  ACTIVITIES  V^/AS  ACHIEVED: 

A  factor  that  is  most  important  in  a  rapid  successful  development  is 
cooperation  between  involved  activities.  Without  superb  assistance  from 
CNO,  NAVORDSYSCOM,  the  manufacturer  and  NOL  participants,  this  could  have 
resulted  in  another  weapon  development  progressing  too  slow  to  be  useful. 

In  the  DST  development  the  original  specifications  were  unaltered .  Changes 
in  specifications  were  brought  in  only  as  additional  mods  o:^  the  "weapon. 

This  weapon  development  approach  was  adhered  to  in  changing  from  the  bomb-mine 
design  of  1960  to  the  current  DST  weapon  utilizing  bomb  ordnance. 
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ORIGINAL  SPECIFICATIONS  FOR  DESTRUCTOR  MK  36  (1966) 


Envelope 

Explosive  Train 

Firing  Device 

Delayed  Arming 
Ship  Counter 
Self  Destruct 
Sterilization 
Anti-Recoveiy 

C  ountermeasures 
Armed  Life 
Charge 

Primary  Target 
Planting  Depth 
Planting  Mode 

Aircraft  Compatibility 

Ballistic  Parameters 
Packaging 


Mk  82  Bomb  Case  with  Bomb  Fin 
Mk  15  Mod  1  (Snakeye  Tail) 

Modified  M904  Fuze  for  Electric  Firing  with 
M134  Booster  Adapter 

Magnetic,  Two -Look;  Thin -Film  Sensor; 

Fixed  Sensitivity 

Mk  24  Interval  Timer;  Fixed  Delay 

None 

Yes;  weapon  detonates  when  power  supply  runs  down 
None 

Yes;  weapon  will  detonate  after  arming  delay  if 
moved  or  disassembly  is  attempted 

Resistant  to  explosive  countermeasures 

Three  months  minimum 

190  lbs  H-6 

Indigenous  small  craft  with  an  engine  or 
carrying  ferrous  cargo 

2  to  40  feet  of  water,  including  burial  in 
mud  or  sand 

All  fixed-wing  USN,  USAF  and  USMC  aircraft 
capable  of  carriage  and  release  of  comparable 
CP  low-drag  bombs 

Same  capability  as  with  comparable  CP  low-drag 
bombs.  Employ  existing  bomb-handling  equipment 
and  procedures 

Identical  to  comparable  CP  low-drag  bomb 
with  snakeye  tail 

Employ  Adaption  Kit  concept  (necessary  components 
and  parts  to  convert  Mk  82  case  to  DST  Mk  36) 
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storage  Life 

Safety 

Reliability 

Maintainability 

Assembly  and  Test 

Versatility 


Will  withstand  unprotected  storage  fully  assembled 
for  a  maximum  of  3  days  (storage  at  temperature 
of  85®F  for  3  months  will  reduce  operational 
life  by  20%) 

Will  be  safe  to  assemble,  test,  handle  and 
store.  Will  not  be  vulnerable  to  HERO 

80%  immediately  after  planting 

Will  approach  fixed  ammunition;  may  be  stockpiled 
for  several  years  with  minimum  maintenance 

Assembly  and  test  time  will  not  exceed  3  hours; 
test  equipment  will  be  of  GO  NO-GO  type;  work 
suitable  for  minemen  or  aviation  ordnancemen 

Function  as  land  mine  when  emplanted  along  roads 
or  railroads;  function  as  mine  against  vehicles 
on  bridges,  wharves  or  fords;  readily  convertible 
to  bomb  by  replacing  nose  fuze 


DESTRUCTOR  MK  36  MILESTONE  SCHEDULE  (Starting  date  -  1  August  1966) 


Design  of  weapon  seals  to  withstand  static  and 


dynamic  water  pressures 

15  Sep  1966 

Overall  weapon  system  tests 

Bottom  stability 

15  Nov  1966 

Explosive  countermeasures 

5  Dec  1966 

Vessel  and  Vehicle  response 

24  Oct  1966 

Weapon  system  safety  and  reliability  review 

3  Jan  1967 

♦Total  operational  tests 

5  Dec  1966 

Development  of  firing  device 

Five  preliminary  engineering  models 

30  Sep  1966 

Twenty  improved  engineering  models 

30  Nov  1966 

Twenty-five  pre-prods  for  OPTEVFOR 

15  Feb  1967 

♦Determine  weapon  performance  at  air /water, 

water/bottom  interfaces 

6  Oct  1966 

♦Facility  and  services  required 
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INFORMATION  FROM  THE  FIELD 


Just  at  the  time  NOL  was  beginning  to  question  the  performance  of  the 
DST  weapon,  an  account  by  Izvestia  of  a  bombing  mission  over  Haiphong  appeared 
in  the  press.  It  was  1968  when  DST’s  were  inadvertently  dropped  around  a 
Russian  freighter.  Eight  were  dropped — one  embedded  in  a  barge,  within 
25  minutes,  the  account  states,  the  weapon  on  the  barge  detonated.  Subsequently, 
as  the  freighter  was  backed  out  of  the  Harbor  seven  more  detonations  were 
observed  over  a  period  of  several  hours.  This  was  an  excellent  reliability 
report — eight  dropped,  eight  detonations — it  came  at  a  time  when  the  SEA 
performance  of  the  weapon  was  unknown.  Probably  the  only  Naval  weapon 
unknowingly  evaluated  by  the  Russians.  The  report  went  on  to  state  that  the 
freighter  suffered  considerable  internal  damage.  Simple  weapons  tend  to  be 
reliable. 

Once  the  DST’s  were  extensively  used,  intelligence  reports  indicated  that 
various  ways  of  countering  the  weapon  were  being  tried.  This  came  as  no 
surprise  to  those  working  in  the  mining  community,  but  as  a  result  of  this 
intelligence  feedback  minor  changes  to  the  weapon  performance  were  initiated 
about  every  9  months.  This  seemed  to  be  the  average  turn-around  time  for 
countering  the  counter.  Simple  changes  cause  significant  delays. 


Not  until  1969  did  two  agencies,  both  vitally  involved  in  the  SEA  conflict, 
meet.  Defence  Intelligence  and  NOL  exchanged  information — what  might  be  needed 
and  what  could  be  developed.  DIA  and  CINCPAC  reports  on  mine  effectiveness 
were  essential  for  weapon  Improved  performance. 

It  has  always  been  NOL’s  goal  to  provide  safe  and  reliable  ordnance  as 
has  been  accomplished  with  the  DST.  It  is  also  NOL's  goal  to  anticipate  future 
needs  so  that  simple  and  effective  modifications  to  existing  ordnance  can  be 
provided  in  a  timely  fashion.  Between  the  years  1967  and  1972  many  such 
developments  were  undertaken  to  improve  the  performance  of  this  weapon.  I  will 
not  attempt  to  cover  these  in  detail,  but  only  the  highlights.  Six  mods  of  the 
weapon  using  several  bomb  cases  were  released  to  the  Fleet  during  this  period. 

In  addition  to  a  weapon  usable  on  land  or  water,  several  other  unique  features 
were  developed.  The  use  of  a  steel  collar  ruggedized  the  Arming  Device  to 
permit  free-fall  and  subsequent  burial;  introduced  no  component  testing  in  the 
field;  use  of  cut-out  tabs  permitting  many  options;  addition  of  seismic  sensor 
provided  additional  intelligence;  7-year  battery  storage  life  provided. 

Following  the  original  Mod  0 — now  obsolete,  each  new  mod  provides 
additional  performance  characteristics. 

Mod  1  —  A  probability  actuator  was  added  for  improved  countermeasure  protection — 
selectable  delay  arming  periods  added 

Mod  2  —  Free-fall  delivery  capability  on  land  was  provided — selectable 
self-destruct  periods  added 

Mod  3  —  Selectable  sensitivity  option  provided  and  an  impact-shock  feature 
included  in  the  arming  sequence 
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Mod  lA  —  Upgraded  the  Mod  1  Kit  to  provide  a  free-fall  delivery  capability 


Mod  4  —  Magnetic -seismic  combination  influence  option  was  added,  also 

more  operational  settings  were  provided 

Mod  6  —  Magnetic -seismic  combination  influence  with  an  option  for 

improved  countermeasure  resistance  over  the  Mod  4 
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DEV’ELORENTS  FOR  ANTICIPATED  NEEDS 


DST  KIT  COI'tPARISON  CK-ART  illustrates  how  versatility  and  weapon  effective¬ 
ness  iiT.proved  with  tijne.  Other  devaloprrients  to  cover  anticipated  needs 
completed  during  this  period  but  not  produced  were: 

1.  Combination  pressure-acoustic  -mode  of  operation  was  developed  for  shallow- 
vjater  use. 

2.  Integrated  circuit  techniques  were  introduced  to  mine  mechanism  designs. 
Idiis  extended  the  mine  processing  capability  by  several  orders  of  magnitude 
yet  maintaining  reliability. 

3.  As  a  result  of  IG  developroent  a  fully  self -testing  weapon  system  was 

demonstrated.  Testing  time —  1/2  minute.  AELso,  a  mine  system  with  pro¬ 

grammable  logic  was  bread -boarded  and  appears  feasible.  It  should  provide 
rapid  response  versatility  and  uniformity  for  mine  mechanism  designs. 

4.  The  DST  pnc  39,  a  surface-launched  version,  was  developed.  It  was  felt 
this  weapon  could  be  used  by  indigenous  forces,  but  was  not  developed 
beyond  the  engineering  phase. 

5.  Modified  booster/arming  device  that  meets  HERO  safety  requirements  for 
component  exposure  to  electromagnetic  radiation  was  developed  and  released. 
Manufacture  produclbility  as  well  as  safety  should  be  improved,  but  no 
procurement  has  been  made  to  date  since  the  below-deck  weapon  assembly,  has 
not  been  objectionable  to  the  Fleet. 

6.  A  more  compact  and  lighter  fin  with  versatile  optional  v/eapon  delivery 
modes  was  developed.  It  is  called  the  paratail — requires  less  carrier 
storage  space  and  should  be  less  expensive  than  current  Mk  15  Snakeye  fin 
or  AF  HAU  91  fin.  This  design  would  be  practical  for  both  bombs  and  DSTs 
for  free-fall  and  retarded  delivery  mode.  It  w'ould  provide  unrestricted 
delivery  tactics  for  the  family  of  DSTs. 

7.  Developments  outside  the  Navy  utilizing  the  Mk  80  series  bomb  provided 
additional  capability: 

a.  Laser  Guidance  Kit  convertible  to  a  Laser  Guided  Mine. 

b.  Glide  Bomb  modification  convertible  to  a  Glide  Mine. 

The  weapon  modifications  released  to  the  Fleet,  as  well  as  the  engineering 
developments  completed,  illustrate  bow  design  improvements  can  be  introduced 
into  a  portion  of  the  weapon  system  to  effectively  alter  its  performance. 

In  1971  there  was  a  Fleet  recommendation  to  procure  more  kits  that  could 
provide  the  anticipated  free-fall  delivery  needs.  KOL  suggested  that,  since 
there  were  80,000  Mod  1  Kits  in  the  field,  these  be  investigated  to  determine 
how  much  degradation  could  be  expected  from  this  increased  impact.  Tests 
showed  that  only  occasionally  superficial  damage  occurred  with  no  functional 
damage  when  the  ruggedized  Arming  Device  Mk  32  was  substituted.  This  free- 
fall  delivery  mode  was  then  released  to  the  Fleet  as  the  Mod  lA. 
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Early  in  1972,  just  prior  to  the  mining  of  North  Vietnam  water,  mines  with 
a  sensitivity  option  were  required  by  the  Fleet,  again  a  new  procurement  for  the 
scarce  Mod  3  Kits  having  this  option  was  recommended.  However,  as  a  result  of 
design  modifications  by  NOL  to  make  use  of  space  in  the  weapon  battery,  the 
Mod  1  mechanisms  in  the  field  could  be  provided  the  sensitivity  option  desired, 
as  well  as  other  options,  in  anticipation  of  other  Fleet  needs.  An  additional 
influence  was  provided.  A  seismic  sensor  was  added  in  the  battery.  When  the 
new  battery  is  mated  with  the  Mod  1  Firing  Mechanism,  it  becomes  the  Mod  4  DST 
and  makes  this  assembly  the  most  versatile  and  effective  DST  to  date.  This 
mod  may  be  operated  as  a  combination  magnetic-^seismic,  or  a  magnetic-inf luenced 
mine,  and  provides  an  increased  number  of  selections  for  delay  arming,  self- 
destruct,  and  influence  sensitivities.  It  improves  target  localization  and 
offers  an  increased  threat  to  sweepers.  Equally  important  it  enables  the  use  of 
ordnance  in  the  field  to  provide  increased  weapon  operational  performance. 

Use  of  this  increased  weapon  capability  was  effectively  demonstrated  in 
the  1972-1973  mining  of  Haiphong  and  other  major  ports.  With  the  exception  of 
3  sorties  of  35  each  Mine  Mk  52  Mod  2,  the  blockade  was  accomplished  with 
deployment  of  some  11,000  DST  Mk  36 ’s. 

In  view  of  the  fact  that  carriers  of  the  Atlantic  Fleet  are  now  supplied 
with  DST  Kits,  use  in  deeper  water  depths  and  possibly  increased  damage  range 
is  anticipated.  For  expected  mining  needs  at  water  depths  in  excess  of  90  feet, 
an  adapter  has  been  developed  that  enables  the  Mk  84  (2000#)  bomb  to  be  water¬ 
tight  with  a  DST  Kit  installed.  Also  developed  was  a  detent.  Installed  in  the 
field  which  enables  existing  DST  ordnance  presently  limited  to  300-foot  depths 
to  operate  to  at  least  600  feet.  These  last  two  items  are  still  in  evaluation 
and  are  not  yet  stockpiled.  Free-fall  delivery  of  the  DST  Mk  84  weapon  in 
water  has  been  investigated  as  to  bottom  burial.  Tests  have  shown  essentially 
no  burial  at  water  depths  of  90  feet.  For  shallower  water  depths,  weapon 
burial  could  be  achieved  and  investigation  as  to  the  effects  of  this  burial  on 
explosive  damage  should  be  conducted.  If  not  serious,  as  suspected,  this 
capability  would  provide  considerable  protection  against  mine  hunting  since 
burial  can  be  expected  for  free-fall  delivered  weapons  in  water  depths  down  to 
-90  feet. 


Destructor  Funding 


FY  67 

FY  68 

FY  69 

FY  70 

FY  71 

FY  72 

FY  73 

In  House 

($) 

*1380K 

2340K 

2080K 

128  OK 

910K 

lOOK 

500K 

Contract 

($) 

360K 

220K 

420K 

150K 

lOOK 

40K 

Total 

1740K 

2560K 

2500K 

1380K 

1060K 

200K 

540K 

Program  Total  $9980K 

^Original  funding — $700K  released  the  Mod  0  weapon  for  deployment  in  10  months. 
Remaining  funds  for  additional  mods  together  with  development  evaluation. 
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The  total  funding  for  the  DST  weapon  from  August  1966  to  June  1973  was  $9980K. 
For  this  support  seven  system  mods  compatible  with  three  explosive  charge 
weights  (500#,  750#,  1000#)  were  released.  Additional  features*  were  achieved 
to  at  least  the  engineering-design  level: 

DST  OPERATIONAL  FEATURES  (Order  Developed) 


Shallow  Water 
Road  Interdiction 
Delay  Arming 
Self  Destruct 
Selectable  Delay  Arming 
Selectable  Self  Destruct 
Probability  Actuator 
Impact  Arming 
Improved  Accuracy 
*Para-tail  Fin 

Limited  Free-Fall  Capability 
Lethality  Improvement 
*Surface-laid  DST 

Kit  Adapted  to  Mk  83  (1000#)  and  M117  (750#)  bomb  cases 
HERO  Safe,  achieved  for  assembly  in  electromagnetic  environment 
♦Self -Testing  -  IC  Circuitry 

Multiple  Influence  -  GAP  (Pressure /Acoustic  with  seismic  for  countermine 

protection)  Mag/seismic 

Deep  Water  Application 

♦Kit  adapted  to  Mk  84  (2000#) 

♦Field  installed  detent  for  deep  water  (  600  ft.)  use 
Arctic  Application 

Weapon  penetration  through  ice — feasibility  established 
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Lessons  Learned  from  Design  Through  Production; 


!•  That  a  rapid  response  development  is  not  synon3niious  with  poor  design 
and  reduced  reliability  as  shown  by  the  >95%  weapon  performance  at  90% 
confidential  level. 

2.  That  the  development  approach  followed  in  this  program  in  no  way  curbs 
creative  thinking,  as  rather  vividly  demonstrated  by  the  numerous  unique 
designs  released. 

3.  That  simple  designs  are  considerably  more  effective  than  analysis 
indicates. 

4.  A  weapon  need  not  provide  all  operational  features  that  might  possibly 

be  desired — to  follow  this  reasoning  reduces  considerably  the  reliability  and 
exponentially  increases  the  weapon  cost.  As  an  example:  a  three-day  arming 
delay  was  desired  for  the  initial  mining  of  Haiphong  to  allow  foreign  vessels 
time  to  exist.  At  that  time  the  DST  Mod  4  system  was  just  being  produced  and 
was  not  available — no  real  panic  though — other  mines  with  this  arming  delay 
period — while  much  less  cost-effective — were  utilized  for  this  specific 
three-day  period. 

5.  That  by  following  the  DST  development  approach  substantial  evaluation  time 
and  funding  is  saved  and  a  more  cost-effective  system  will  be  produced. 

6.  That  weapon  requirements  be  realistic  is  a  must.  The  DST  weapon  would  not 
exist  if  today’s  weapon  capabilities  were  yesterday’s  requirements. 

7.  That  yesterday’s  designs  have  considerable  potential — the  addition  of  a 
new  component  or  technique  can  bring  about  amazing  results. 

8.  That  design  performance  is  greatly  affected  by  production  procedures 
and  techniques,  e.g.,  the  Mod  2  system  was  superior  to  earlier  mods  by  all 
evaluation  standards,  yet  exhibited  a  higher  failure  rate  in  the  field 
because  of  production  differences  resulting  from  a  different  manufacturer. 

It  is  hoped  that  the  great  potential  of  this  general-purpose,  bomb-mine 
weapon  system  will  be  realized.  The  concept  and  approach  used  in  this 
weapon’s  development  have  come  into  play  over  and  over  again.  We  have 
learned  how  rather  simple  Innovations  to  existing  design  can  significantly 
improve  the  weapon’s  performance  without  increasing  cost  or  complexity. 
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The  DST  which  was  initially  a  single -purpose,  bomb-mine  has  progressed 
in  5  years  to  a  small  fcunily  of  cost-effective  land  and  bottom  mines.  The 
DST  is  logistically  suited  to  the  needs  of  the  armed  forces.  By  keeping 
the  needs  of  the  users  in  mind  whether  it  be  the  Fleet,  Air  Force,  Marines 
or  the  Army,  further  Kit  improvements  can  be  developed  quickly  that  will 
provide  a  family  of  multi-purpose  weapons.  If  this  is  done  it  will  keep 
the  stockpile  needs  for  the  more  optimized  but  costly  "special  weapons" 
at  a  minimum,  as  well  as  bridge  the  time  gap  as  to  availability  of  the  latter. 


Independent  Weapon  Effectiveness  Reports: 

DIAIAPPR  95  A. 73  Air  Force  Special  Communication  Center 

23  August  1973  S  264418 

Effectiveness  of  U.S.  Mining  COMFY  COAT 

on  North  Vietnam 


11-72 


MIREM  Goals  and  Exercises: 
Past,  Present  and  Future 

LCDR  Frank  Daggett,  USN 

MIREM  Program  Office 
Office  of  the  Commander 
Surface  Warfare  Development  Group 
Naval  Amphibious  Base  Little  Creek 


The  Mine  Warfare  Readiness  and  Effectiveness  Measuring  (MIREM) 
Program  will  serve  the  development  of  the  Navy’s  MIW  capability  by 
providing  a  series  of  exercises  at  sea  to  collect  high  quality  data  on  MIW 
systems  performance.  MIREM  will  be  a  means  of  quantitatively  assessing 
these  systems  in  a  tactical  environment  and  a  vehicle  for  tactical  develop¬ 
ment.  MIREM  data  and  analysis  will  support  fleet  commanders’,  the  MIW 
community’s,  and  program  office  decionmaking  processes  with  verifiable, 
accurate  statistical  information.  Building  on  the  proven,  highly  successfixl 
SHAREM  methodology,  tailored  to  the  unique  requirements  of  mine 
warfare,  MIREM  will  benchmark  the  effectiveness  of  dedicated  and 
organic  MCM  in  support  of  Expeditionary  Warfare  and  become  integral 
to  the  Mine  Warfare  improvement  process. 


Because  a  full  paper  was  not  received  by  publication  date,  the  above  Abstract  appears  in  this 
Proceedings.  The  author  can  be  reached  atCOMSURFWARDEVGRU,  NAB  Little  Creek, 
2200  Amphibious  Drive,  Norfolk,  VA  23521-2850;  telephone,  751-464-7965,  X  680. 
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CHAPTER  12:  ACQUISITION 
AND  MARKET  STRATEGY  ISSUES 


The  question  of  the  viability  of  the  Mine  Warfare  Systems  market  promises  to  be  an 
increasingly  important  and  recurring  one.  At  the  1996  Symposium  on  Technology  and  the  Mine 
Problem,  the  Session  including  discussion  of  this  subject  occurred  in  a  roundtable  format.  There  was 
an  active,  open  interaction  between  panelists,  and  amongst  panelists  and  members  of  the  audience. 

We  are  indebted  to  Mr.  Ric  Trotta,  President  of  Trotta  Assssociates,  Strategic  Planning 
Consultants,  for  bringing  together  the  distinguished  group  of  Government  and  Industry  panelists  for 
the  Session  he  chaired  on  “Identifying  and  Sizing  the  Mine  Warfare  Market.” 


ROUNDTABLE  PANELISTS 

Dr.  Louis  Marquet,  Director,  U.S.  Army  Night  Vision  Laboratory,  CERDEC,  U.S. 
Army  Night  Vision  and  Electronic  Sensors  Directorate,  Ft.  Belvior 

Ron  Blue,  Director  of  Undersea  Systems,  Electronics  Sector,  Lockheed-Martin 

CAPT  Bill  Herman,  USN  (Ret) 

Robert  McGurrin,  Manager  of  Strike  System  Programs,  Raytheon  Company 

Dr.  Kathleen  Robertson,  Director,  Booz  Allen  &  Hamilton 

David  Rossi,  Department  Head,  Office  of  Naval  Research  Industrial  Programs 

Vincent  Schaper,  Director,  Small  Business  Innovative  Research, 

Office  of  Naval  Research 

Dr.  Jay  ScuIIey,  CEO,  Allied  Research;  Former  Assistant  Secretary 
of  the  Army  for  RD&A 

James  Smith,  Vice  President,  Aeroflex  Laboratories 


We  are  especially  indebted  to  Mr.  Ed  Zdankiewicz,  outgoing  Deputy  Assistant  Secretary  of 
the  Navy  for  Undersea  Warfare,  who  chose  this  Symposium  on  Technology  and  the  Mine  Problem 
to  give  his  valedictory  address  after  years  of  public  service.  A  precis  of  his  remarks,  taken  from  his 
notes  by  Prof  Albert  M.  Bottoms,  appears  in  this  Chapter. 


12-1 


12-2 


Precis  of  Remarks  by 


Mr.  Ed  Zdankiewicz 

Deputy  Assistant  Secretary  of  the  Navy 
for  Undersea  Warfare 


Through  the  efforts  of  RADM  John  D.  Pearson,  USN,  RADM  Dennis  R.  Conley,  USN,  and 
RADM  Richard  D.  Williams  III,  USN,  there  have  been  many  positive  accomplishments  in  Navy  Mine 
Warfare.  These  accomplishments,  and  the  matters  that  Mr.  Zdankiewicz  addressed,  all  relate  to  how 
we  build  toward  the  “Navy  after  Next.” 

Of  course,  there  are  the  needs  of  money,  streamlining  the  acquisition  process,  stability  and 
consistency,  and  awareness  of  the  opportunities  conferred  by  the  emphasis  on  “jointness.”  The 
availability  of  money  is  both  the  real  measure  of  viability  and  the  main  tool  for  acquisition.  Though 
comptrollers  tend  to  “tax”  weak  programs  (making  them  weaker).  Nevertheless,  the  Navy’s  money 
Is  up  in  constant  dollars  since  World  War  II. 

The  “main  event”  this  fiscal  year  (FY97)  will  be  the  Quadrennial  Defense  Review.  We  can 

expect: 

*  Leaner  budgets 

*  Smaller  forces 

*  Questioning  of  basic  assumptions  (such  as  being  able  to  prosecute  a  two-ocean  war) 

*  A  decision  on  the  part  of  claimants  to  opt  for  cooperation  or  rivalry 

Mr.  Zdankiewicz  noted  that  General  Sheehan  has  been  fhastrated  by  the  lack  of  fiscal  support; 
RADM  Conley’s  funds  are  minimal  for  dealing  with  the  obstacle  problem;  and  there  are  differences 
of  opinion  on  whether  and  how  the  ACTD  process  relates  to  formal  Acquisition.  (Rapporteur’s 
comment:  The  Army  has  a  saying,  “If  it  ain’t  in  the  POM,  it  ain’t  in  the  Program.”) 

With  regard  to  Requirements,  the  needs  are  changing  and  perceptions  have  not  yet  stabilized 
since  the  fall  of  the  Soviet  empire.  Clearly,  there  are  new  missions  as  well  as,  in  some  cases,  greater 
emphasis  on  old  missions.  This  often  makes  it  difftcult  to  follow  the  first  rule  of  successful  acquisition 
planning:  “Stick  to  a  game  plan!” 

As  for  the  Quadrennial  Defense  Review,  Navy  assesments  of  ASW  and  Mine  Warfare  will 
have  to  fit  new  guidance.  But  the  Mine  Threat  will  not  stand  still.  Therefore,  we  will  increasingly  use 
Commercial  off-the-Shelf  (COTS)  technology  and  software  controls  to  shorten  acquisition  cycles. 

As  an  aside,  Mr.  Zdankiewicz  pointed  out  we  must  be  concerned  about  potential  littoral 
warfare  adversaries  who  will  use  submarines  and  mines  together  in  an  intelligent  fashion.  Thus,  the 
miner  may  not  be  as  sophisticated  as  we  are,  but  he  may  be  smarter.  The  miner  plays  from  a  different 
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“rule  book,”  with  different  objectives.  He  has  the  advantage  of  making  the  first  move  and  loves  the 
technical/tactical  challenge  presented  by  Naval  Special  Warfare  MCM  devices,  as  it  presents  him  with 
a  new  “marketing  opportunity.” 

Another  important  point:  We  need  to  think  Undersea  Warfare  (UW),  not  just  Mine  Warfare 
(MIW)  or  Anti-Submarine  Warfare  (ASW). 

Mr.  Zdankiewicz  noted  the  lack  of  papers  on  offensive  mining  (they  were  not  available 
because  of  classification).  He  pointed  out  that  mines  can  assist  in  balancing  the  problem  of  having 
to  meet  greater  navy  commitments  wth  smaller  forces. 

Mr.  Zdankiewicz  also  picked  up  on  a  comment  by  Major  General  Clair  F.  Gill,  USA,  to  the 
effect  that  the  MCM  approach  lacks  synergy  --  researchers  don’t  understand  the  operators,  and  vice 
versa.  Yet,  as  Major  General  John  E.  RJiodes,  USMC,  pointed  out,  MCM  is  critical  to  the  doctrine 
of  Operational  Maneuver  from  the  Sea. 

A  note  of  caution:  Don’t  define  our  future  requirements  by  the  period  just  ended;  i.e.,  post- 
Cold  War. 

Consistency  is  very  important  in  the  Acquisition  Process,  and  the  Navy,  especially,  needs  to 
improve  in  this  area.  Comptrollers  can  “smell”  inconsistency.  You  can’t  have  program  stability 
without  consistent  requirements.  An  impediment  to  this  is  the  constant  rotation  of  senior  leadership 
(in  this.  Mine  Warfare  is  a  microcosm  of  the  difficulties  affecting  all  programs). 

On  the  upside.  Congress  is  a  consistent  supporter  of  Mine  Warfare.  Congress  insists  on  the 
Navy  presenting  a  Mine  Warfare  Plan,  and  is  prepared  to  make  SECDEF  certify  that  the  plan  is 
funded  in  the  out-years.  On  the  downside,  the  Navy’s  lack  of  consistency  leads  to  “quick-fix”  partial 
solutions  and  the  addition  of  extra  cycles  and  unnecessary  time  delays  as  partial  solutions  “steal” 
resources  and  often  generate  shortfalls  in  support. 

In  fairness,  Mr.  Zdankiewicz  pointed  out  that  the  Assistant  Secretary  of  the  Navy’s  crusade 
for  stability  is  noble,  but  extremely  difficult  to  bring  to  fruition  when  readiness  is  being  supported  out 
of  the  modernization  fund,  all  systems  must  now  bear  the  “tax”  resulting  from  operations  in  Bosnia 
and  Zaire,  etc.,  and  there  are  additional  claims  for  unplanned,  unbudgeted  efforts. 

Improved  “jointness”  is  one  of  the  bright  spots,  both  with  other  U.S.  forces  and  with  our 
allies,  and  it  is  affirmatively  required  by  economics.  Joint  Strategic  Forces  simply  would  not  be  taking 
place  in  a  better  economic  climate.  In  the  future,  there  will  also  be  smaller  forces.  We  remain  still 
uncertain  about  threats.  And  we  need  to  operate  with  our  allies  and  within  coalitions. 

We  are  grateful  to  Mr.  Zdankiewicz  for  sharing  his  wisdom  and  concerns  in  this,  his 
valedictory  address. 


Prof  Albert  M.  Bottoms,  Rapporteur 
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Summary  Overview  of  Roundtable  on 
Identifying  and  Sizing  the  Mine  Warfare  Market 


Ric  Trotta 

President,  Trotta  Associates 
Session  Chair 

With  Comments  by 

Ron  Blue 

Director,  Undersea  Systems, 
Lockheed  Martin 


Prior  to  the  meeting,  panelists  were  provided  a  list  of  potential  issues  for  discussion 
and  asked  to  be  prepared  to  make  some  introductory  comments  on  those  topics.  The 
format  was  to  be  round  table  discussion  with  considerable  audience  participation.  The 
issues  highlighted  for  discussion  were: 

•  How  large  is  the  market  US  and  International 

•  What  are  the  products  and  services 

•  Who  are  the  customers 

•  What  are  the  issues  associated  with  the  market 

•  What  criteria  are  used  by  industry  in  making  investment  decisions 

•  How  are  the  needs  communicated  within  government  and  to  industry 

•  What  are  the  opportunities  for  commercial  technology  insertion 

•  How  do  second  tier  companies  get  involved 

•  How  do  you  use  SBIR  to  leverage  other  investments  or  what  role  does  SBIR  play 

•  How  could  new  technology  WEB,  CD  ROM,  etc.  help  communication 

Mr,  Ron  Blue  of  Lockheed  Martin  Corporation  provided  some  written  comments  to 
these  issues  and  his  comments  are  included  as  Appendix  A. 

The  session  was  changed  to  the  La  Novia  Room,  Herman  Hall  Room  to  create  an 
atmosphere  conducive  to  panel  interaction  with  the  audience. 
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The  session  was  introduced  as  a  government  industry  panel  discussing  macro  issues 
associated  with  mine  warfare  market  covering;  policy,  market  characteristics,  industry 
investment  decisions,  communication  of  needs,  leveraging  investments  with 
commercial  technology  and  SBIR.  The  audience  was  told  that  the  format  would  be 
Informal  discussion  and  that  we  wanted  this  to  be  an  interactive  meeting  and  that  we 
were  fortunate  to  have  a  diverse  and  knowledgeable  audience  on  the  subject. 
Introduced  the  panel  and  commented  that  our  objective  was  to  leave  Al  Bottoms  with  a 
summary  of  the  issues  discussed. 

The  La  Novia  room  worked  well  and  we  had  a  full  house  estimated  at  over  sixty  in  the 
audience  with  some  very  senior  personnel  including:  ADM  Thomas  Hayward  (former 
CNO),  MGEN  Ronald  Beckwith  USMC  (retired),  RADM  Charles  Horn  (retired)  and  Mr. 
Ed  Zdankiewicz  (  Mine  and  Undersea  Warfare).  Session  ran  from  2:00  to  5:00  PM 
with  one  15  minute  break.  Format  was  for  brief  five  to  ten  minute  comments  by 
panelists  and  audience  was  encouraged  to  ask  questions  at  any  time.  Discussion  was 
lively  and  passionate  and  audience  participation  exceeded  expectation.  Format  and 
topics  worked  well  to  stimulate  discussion. 

Areas  discussed  during  meeting  included; 

•  Humanitarian  demining  market  characteristics 

•  Environmental  remediation 

•  Changing  industrial  base  and  industry  interaction 

•  Anti  personnel  mine  policy 

•  Peace  keeping 

•  Necessity  of  having  number  1  guy  involved  (CNO  /  CINC) 

•  Science  and  technology  application 
•ACTDs 

•  System  concept 

•  Structural  organization  and  ownership 

•  False  starts 

•  Market  size  to  get  industry  involved 

•  Requirements  balance 

•  Downsizing 
• CRADAs 

•  Technology  Transfer  Act 

•  Expanding  mine  warfare  plan  to  include  technology 

•  Platforms 

•  Small  Business  Innovative  Research  Program 


Recommend: 

Senior  industry  and  government  working  group 


to  discuss  and  engage  issues. 
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APPENDIX  A  -  RON  BLUE  COMMENTS 


MINE  WARFARE  ASSOCIATION 
PANEL  DISCUSSION 


LADIES  AND  GENTLEMAN,  GOOD  AFTERNOON.  IT  IS  A  VERY  GREAT 
HONOR  TO  BE  INVITED  TO  BE  ONE  OF  THE  PARTICIPANTS  IN  THIS  VERY 
IMPRESSIVE  CONFERENCE.  AND  TO  BE  INCLUDED  WITH  THIS  GROUP  OF 
DISTINGUISHED  PARTICIPANTS.  I  SHALL  TRY  TO  KEEP  MY  COMMENTS 
BRIEF  AND  TO  THE  POINT,  BUT  HOPEFULLY  WILL  CREATE  SOME 
OPPORTUNITY  FOR  DISCUSSION. 

FIRST,  I  WOULD  LIKE  TO  DEAL  WITH  SOME  OF  THE  TOPICS  WHICH  RIC 
TROTTA  PROVIDED  AS  SOME  ISSUES  PRIOR  TO  THE  CONFERENCE. 

HOW  LARGE  IS  THE  MARKET? 

THE  US  MARKET  FOR  MINE  WARFARE  IS  LIMITED  BY  THE  TOA  WHICH  THE 
MISSION  AND  RESOURCE  SPONSOR  HAS  TO  SPEND.  AT  VARIOUS  MEETINGS 
AND  SYMPOSIA  THAT  NUMBER  CONSISTENTLY  IS  PRESENTED  AS  RANGING 
BETWEEN  $250M  AND  $300M  PER  YEAR  FOR  R&D  AND  PROCUREMENT. 
THIS  REPRESENTS  APPROXIMATELY  1%  OF  THE  TOTAL  NAVY  AMOUNT. 
THIS  TOTAL  IS  SPLIT  BETWEEN  BOTH  OFFENSIVE  AND  DEFENSIVE  MINE 
WARFARE,  AIRBORNE  AND  SURFACE  MINE  COUNTERMEASURES.  SUFFICE 
n*  TO  SAY  THERE  ARE  NO  MULTI-HUNDREDS  OF  MUXION  DOLLAR 
PROGRAMS  -  OTHER  THAN  IN  SHIP  CONSTRUCTION  -  AND  WE  ARE  RAPIDLY 
NEARING  THE  END  OF  A  RECENT  MAJOR  MCM  SHIP  CONSTRUCTION 
PERIOD 

WORLDWIDE  THE  MARKET  IS  CLEARLY  MANY  TIMES  LARGER,  MANY 
COUNTRIES  SPEND  SIGNIFICANTLY  LARGER  PORTIONS  OF  THEIR  DEFENSE 
BUDGET  ON  MINE  WARFARE.  BUT  IN  REAL  DOLLARS  IT  IS  PERHAPS  TRIPLE 
OR  QUADRUPLE  AT  BEST.  ON  THE  DOWNSIDE  IS  THE  FACT  THAT  THIS  IS 
AN  AREA  IN  THE  WORLD  MARKET  WHERE  THERE  ARE  A  LARGE  ARRAY  OF 
COMPETITORS.  WHO  ENJOY  A  DEGREE  OF  INCUMBENCY  IN  THEIR 
RESPECTIVE  NICHE’S,  AND  ARE  DIFFICULT  TO  OVERCOME  -  AND  MOST 
IMPORTANTLY  ARE  OFTEN  INDIGENOUS  SUPPLIERS. 


WHAT  ARE  THE  PRODUCTS? 

THE  PRODUCTS  RUN  THE  GAMUT  FROM  FULL  UP  WEAPON  SYSTEMS, 
COMBAT  SYSTEMS.  SENSOR  SYSTEMS. 

WHICH  ARE  A  COMBINATION  OF  HARDWARE  AND  SOFTWARE.  THE 
PRODUCT.S  TEND  TO  BE  DOMINATED  BY  ACOUSTIC  SENSORS  AND  SIGNAL 
PROCESSDMG.  with  MOVES  NOW  INTO  ELECTRO-OPTICAL  AND  MAGNETIC 
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SENSORS.  THE  MINECLEARING  SYSTEMS  EMPLOY  ACOUSTICS,  MAGNETIC, 
MECHANICAL  DEVICES  AND  ARE  EMPLOYING  VARIOUS  EXPLOSIVE 
TECHNIQUES  FOR  CLEARING  OF  SHALLOW  WATER  MINES.  INFORMATION 
AND  INFORMATION  PROCESSING,  MISSION  PLANNING,  AND  C4I  ARE 
EMERGING  AREAS  WHICH  ARE  REQUIRED  TO  COORDINATE  AND  DIRECT 
THE  GROWING  AND  DIVERSE  PLATFORMS  -  BOTH  ORGANIC  AND 
DEDICATED. 


WHO  ARE  THE  CUSTOMERS? 

THIS  IS  NEVER  AN  EASY  QUESTION  TO  RESPOND  TO.  FIRST  WE  ARE  ALL 
CUSTOMERS,  SINCE  WE  ARE  THE  SOURCE  OF  THE  REVENUE  WHICH  PAYS 
ALL  THE  Bn,LS.  THE  NAVY  MARINE  CORPS  TEAM  IN  THE  FIELD  ARE  THE 
CUSTOMERS,  IN  THAT  THEY  ARE  THE  USERS,  OPERATORS  AND 
BENEFACTORS  OF  THE  VARIOUS  SYSTEMS  PROCURED  FOR  OUR  COMMON 
DEFENSE.  THE  TYPE  COMMANDER  AND  THE  FLEET  CINC’S  ARE  ALSO  PART 
OF  THE  CUSTOMER  CHAIN  IN  THAT  THEY  FORMULATE  AND  PRIORITIZE 
THE  REQUIREMENTS,  AND  EMPLOY  THE  SYSTEMS  DEVELOPED  IN 
RESPONSE  TO  THEIR  REQUIREMENTS.  THE  PEOPLE  IN  THE  VARIOUS 
POSITIONS  IN  THE  PENTAGON  ARE  PART  OF  THE  CUSTOMER  CHAIN  IN 
THAT  THEY  DEVELOP  THE  PROGRAM  ALTERNATIVES  AND  PLAN  FOR  AS 
WELL  AS  BUDGET  AND  DEFEND  THE  PROGRAM.  THE  FOLKS  IN  THE 
ACQUISITION  SIDE  OF  THE  NAVY  -  IN  PEO’S,  SYSTEMS  COMMANDS,  AND 
FIELD  LABORATORIES  -  ARE  A  PART  OF  THE  CUSTOMER/SUPPLIER  END  OF 
THE  PROCESS.  THEY  DEVELOP  THE  DETAILS  OF  TECHNICAL 
ALTERNATIVES,  ASSIST  IN  DETERMINING  THE  BEST  VALUE  SOLUTION, 
DEVELOP  HIGH  RISK  TECHNOLOGY  OR  DO  PROTOTYPING  IF  REQUIRED. 
ULTIMATELY  THEY  THEN  PROCEED  WITH  THE  ACQUISITION  OF  WHAT’S 
DECIDED  TO  MEET  THE  REQUIREMENTS.  INDUSTRY  SUPPLIES  THEIR 
OFFERINGS  TO  THE  ACQUISITION  SIDE,  AND  ULTIMATELY  THE  SYSTEM  IS 
FIELDED  TO  THE  ULTIMATE  CUSTOMER,  THE  PERSON  IN  THE  FIELD/FLEET. 
CONGRESS  IS  A  PART  OF  THE  CUSTOMER  CHAIN,  AND  THEIR  ROLE  IS  TO 
ENSURE  THAT  WE  -  THE  BILL  PAYERS  -  GET  WHAT  WE  PAY  FOR,  THE  BEST 
DEFENSE  POSSIBLE  FOR  THE  DOLLARS  EXPENDED.  SO  LIKE  SO  MANY 
OTHER  THINGS  IN  TODAY’S’  WORLD.  WE  ARE  ALL  INVOLVED  IN  SOME 
MANNER  IN  BEING  BOTH  A  PART  OF  THE  CUSTOMER  IN  SOME  RESPECTS, 
AND  A  PART  OF  THE  SUPPLIER  IN  OTHERS. 


WHAT  OPPORTUNITIES  ARE  THERE  FOR  TECHNOLOGY 
INSERTION/ALTERNATIVES? 

I  BELIEVE  THAT  THERE  ARE  OPPORTUNITIES  WHEN  THERE  IS  A  VALID 
REQUIREMENT,  THERE  IS  A  PROVEN  TECHNOLOGY,  WHICH  CLEARLY 
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PROVIDES  A  BETTER  REQUIRED  CAPABILITY  AT  AN  AFFORDABLE  PRICE. 
THE  TECHNOLOGY  MUST  BE  SUFFICIENTLY  MATURE,  ROBUST,  AND 
SUPPORTABLE  SO  THAT  IT  WILL  CLEARLY  MAKE  A  DIFFERENCE. 
MARGINAL  IMPROVEMENTS,  NOVELTIES,  TECHNOLOGY  FOR  TECHNOLOGY 
SAKE  ARE  JUST  NOT  WORTH  ANY  OF  OUR  TAX  DOLLARS.  WE  MUST 
ENSURE  HOWEVER,  THAT  WE  HAVE  A  SUFFICIENT  INVESTMENT  IN 
TECHNOLOGY  TO  MAKE  SURE  THAT  WE  HAVE  WHAT  WE  WANT  WHEN  WE 
NEED  IT.  IF  WE  INVEST  TOO  LITTLE  OR  NONE  AT  ALL,  THEN  WE  WILL  BE 
CAUGHT  SHORT.  HOWEVER,  IF  WE  JUST  DEPEND  ON  TECHNOLOGY 
INVESTMENT,  BECAUSE  THERE  IS  SOMETHING  BETTER,  THEN  WE  WILL 
NEVER  HAVE  WHAT  WE  NEED  IN  THE  FILED.  THIS  IS  A  PRECARIOUS 
PROCESS  WITH  MANY  PITFALLS. 


HOW  DO  OTHERS  GET  INVOLVED? 

THERE  ARE  A  MYRIAD  OF  WAYS  TO  GET  INVOLVED.  NONE  ARE  SHORT, 
QUICK,  PAINLESS.  FIRST,  UNDERSTAND  WHAT  THE  PROBLEM  IS.  SECOND, 
WHAT  HAVE  YOU  GOT  WHICH  WILL  MAKE  A  DIFFERENCE.  THIRD,  WHAT 
ARE  YOU  WILLING  TO  DO  TO  CONVINCE  THE  “CUSTOMERS”  THAT  YOUR 
PRODUCT/PROCESS/TECHNOLOGY  IS  BETTER,  FASTER,  CHEAPER  -  HOW  DO 
YOU  PROVE  rr?  fourth,  be  willing  TO  SPEND  TIME  AND  MONEY,  MEET, 
BRIEF,  PRESENT,  RESPOND  -  PERHAPS  FOR  MONTHS  OR  YEARS. 
PARTICIPATE  IN  THE  VARIOUS  ORGANIZATIONS  ANY  OF  THESE  AREAS 
HAVE  A  COMMON  THEME.  THERE  IS  NO  “GET  RICH  QUICK”  AND  THERE  IS 
NO  “MAGIC  SOLUTION”.  IF  ALL  PARTS  OF  THE  CUSTOMER  CHAIN 
RECOGNIZE  THIS  THEN  THERE  CAN  BE  ENDURING,  FRUITFUL.  AND 
MEANINGFUL  PARTNERSHIPS  ESTABLISHED  TO  MEET  NATIONAL 
REQUIREMENTS. 


HOW  DOES  INDUSTRY  REALLY  GET  INVOLVED? 

USUALLY  BY  MAKING  A  CERTAIN  LEVEL  OF  COMMITMENT,  DEVELOPING 
THEIR  OWN  CONVICTIONS  -  NOT  JUST  TAKING  SOMEONE’S  WORD, 
FIGURING  OUT  WHAT  THEY  CAN  CONTRIBUTE,  HOW  IT  WILL  MATCH  THEIR 
BUSINESS  EXPECTATIONS.  AND  TAKING  THE  LONG  VIEW  -  5  TO  10  YEARS. 
ARE  YOU  WILLING  TO  GET  INVOLVED  ON  THAT  BASIS,  WHAT  ARE  YOU 
WILLING  TO  DO.  HOW  MUCH  WILL  YOU  INVEST  OR  LEVERAGE,  AND  WHAT 
RETURN  DO  YOU  EXPECT  AND  WHEN.  IF  YOU  NEED  SOMETHING  IN  9  OR  10 
MONTHS,  THE  LIKELIHOOD  OF  TRYING  TO  GET  INVOLVED  WILL  NOT  BE 
HIGH  AND  YOUR  LEVEL  OF  FRUSTRATION  WE.L  ONLY  INCREASE. 
TIMELINES  ARE  DECREASING,  BUT  WE  ARE  STILL  DEALING  WITH  A  LARGE 
BUREAUCRATIC  SYSTEM  -  A  BUFFER  OF  SORTS  -  WHICH  KEEPS  OUR 
MONEY  FROM  BEING  SUDDENLY  SQUANDERED.  IF  YOU  DEVELOP  ALL  OF 
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CROSS-POLLINATE.  OPERATING  COMPANIES  ARE  HOSTING  “COMPANY 
DAYS”  AS  A  MEANS  TO  INTRODUCE  PRODUCTS.  TECHNOLOGIES.  AND 
PLANS  TO  OTHER  OPERATING  COMPANIES.  SO  WHILE  THERE  ARE 
INSTANCES  IN  THE  NEAR  PAST,  AND  MAY  BE  A  FEW  IN  THE  NEAR  FUTURE, 
I  WOULD  EXPECT  THAT  WITHIN  A  YEAR,  WE  WILL  HAVE  THIS  ISSUE 
BEHIND  US  AND  WILL  BE  OPERATING  AS  A  WELL  COORDINATED,  WELL 
LUBRICATED,  HIGH  TECH  MACHINE. 

THE  ABOVE  HAS  FOCUSED  ON  THE  INTERNAL  SITUATION.  CLEARLY 
THERE  HAVE  BEEN  TIMES  WHEN  CUSTOMERS  HAVE  BEEN  CONFUSED  BY 
SEVERAL  COMPETING  SOLUTIONS  FROM  THE  SAME  CORPORATION.  THE 
RESPONSE  HAS  BEEN  MDCED  FROM  THEM.  SOME  LIKE  THE  IDEA  OF 
HAVING  A  LARGE  NUMBER  OF  DIVERSE  SOLUTIONS  TO  SELECT  FROM. 
OTHERS  WANT  THE  CORPORATION  TO  HGURE  OUT  WHAT  THE  BEST 
SOLUTION  IS  AND  PROVIDE  A  SINGLE  RESPONSE.  NEEDLESS  TO  SAY  IN 
THE  LONG  RUN.  BOTH  FROM  THE  SUPPLIER  SIDE  AND  THE  CUSTOMER 
SIDE,  A  SINGLE  WELL  THOUGHT  OUT  RESPONSE,  INTEGRATING  THE  “BEST 
OF  THE  BEST"  SEEMS  TO  BE  THE  RIGHT  ANSWER.  IT  IS  LESS  COSTLY  FOR 
THE  COMPANY  TO  PROVIDE  A  SINGLE  PROPOSAL,  AND  LESS  COSTLY  AND 
TIME  CONSUMING  FOR  THE  CUSTOMER  TO  EVALUATE. 


HOW  DOES  A  COMPANY  DECIDE  WHAT  TO  PURSUE,  WHEN,  HOW  MUCH  TO 
INVEST? 

ANOTHER  INTERESTING  QUESTION.  MOST  COMPANIES  HAVE  DEVELOPED 
A  LONG  RANGE  PLANNING  PROCESS,  WHICH  IS  DONE  ON  A  YEARLY  BASIS, 
WITH  QUARTERLY  UPDATES.  IT  IS  QUITE  SIME.AR  TO  THE  DOD  POM 
PROCESS,  SO  IF  YOU  UNDERSTAND  ONE  -  YOU  HAVE  AN  APPRECIATION 
FOR  THE  OTHER.  IN  THE  BUSINESS  CASE,  THERE  ARE  FINANCIAL 
OBJECTIVES  ESTABLISHED  FOR  THE  COMPANY  TO  RESPOND  TO.  THE  PLAN 
RESPONDS  WITH  THE  APPROACH,  THE  COMMITMENT,  AND  THE 
RESOURCES  REQUIRED  TO  EXECUTE.  AS  A  PART  OF  DEVELOPING  SUCH  A 
PLAN,  THE  COMPANIES  ARRAY  ALL  OF  THE  OPPORTUNITIES  THEY  KNOW 
ABOUT  OR  EXPECT  OVER  THE  NEXT  FIVE  YEARS.  THEY  THEN  ASSESS  THE 
PROBABILITY  OF  THE  PROGRAM  OCCURRING,  AND  THE  PROBABILITY  OF 
WINNING  THE  PROGRAM.  FINALLY  AN  ASSESSMENT  OF  THE  REQUIRED 
INVESTMENT  FOR  EACH  OF  THESE  OPPORTUNITIES  IS  MADE.  NOT  TO 
ANYONE’S  SURPRISE  THE  REQUIRED  RESOURCES  TO  PURSUE  ALL 
IDENTIFIED  OPPORTUNITIES  NORMALLY  FAR  SURPASSES  THE 
AVAILABILITY  OF  RESOURCES.  SO  THEN  THE  OPPORTUNITIES  ARE 
PRIORITIZED  -  BASED  ON  THE  VALUE  AND  THE  COMBINED  PROBABILITIES 
OF  PROGRAM  AND  WIN.  THIS  METHODOLOGY  ENABLES  A  LOGICAL 
MANNER  TO  ARRAY  THE  OPPORTUNITIES,  AND  APPLY  RESOURCES 
AVAILABLE.  THIS  THEN  HELPS  IN  GENERATING  THE  PLAN,  THE  STRATEGY, 
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THE  ABOVE,  THEN  ANALYSIS,  DEMONSTRATIONS,  AND  TECHNOLOGY 
APPLICATIONS  ARE  THE  WAY  TO  BREAK  IN,  AND  HAVE  AN  IMPACT. 


HOW  DOES  A  LARGE  COMPANY  COORDINATE  BOTH  INTERNALLY  AND 
EXTERNALLY? 


THIS  IS  A  PARTICULARLY  GERMANE  QUESTION.  AS  I  AM  SURE  MOST  OF 
YOU  ARE  AWARE,  MARTIN  MARIETTA  THROUGH  THE  ACQUISITION  OF  GE 
AEROSPACE,  THEN  PARTS  OF  GENERAL  DYNAMICS,  THEN  MERGED  WITH 
LOCKHEED  WHICH  ITSELF  HAD  ACQUIRED  SANDERS  AND  OTHER  PARTS  OF 
GENERAL  DYNAMICS,  AND  THEN  THE  NEW  LOCKHEED  MARTIN  ACQUIRED 
THE  DEFENSE  BUSINESS  OF  LORAL  LESS  THAN  9  MONTHS  AGO  -  WHICH 
ITSELF  WAS  COMPOSED  OF  VARIOUS  OPERATIONS  FROM  BM,  UNISYS, 
VOUGHT,  FORD,  HONEYWELL.  FAIRCHILD,  AND  GOODYEAR.  TODAY 
THERE  ARE  OVER  190,000  EMPLOYEES  OPERATING  IN  SOME  82  DIFFERENT 
OPERATING  COMPANIES,  WHICH  ARE  IN  ONE  OF  SIX  SECTORS. 


SO  THE  MAGNITUDE  BEGINS  TO  APPROACH  THAT  OF  RUNNING  A  LARGE 
ORGANIZATION.  SAY  LIKE  DOD,  WHICH  HAS  A  GROUP  OF  DIVERSE 
BACKGROUNDS  AND  CULTURES  (ARMY,  NAVY,  AIR  FORCE,  MARINES). 
THE  DIFFERENCE  IS  THAT  THERE  ARE  FINANCIAL  COMMITMENTS  FOR 
ORDERS,  SALES  AND  PROFIT  -  AND  THERE  ARE  LONG  TERM  ESTABLISHED 
CUSTOMER  RELATIONSHIPS  E.G.  ALL  OF  THE  SUBMARINE  LAUNCHED 
BALLISTIC  MISSBES  HAVE  BEEN  DEVELOPED  AND  BUILT  BY  THE  SAME 
OPERATION.  MOORESTOWN  IS  THE  SOLE  PRODUCER  OF  ALL  AEGIS 
COMBAT  SYSTEMS.  AS  THE  MARKET  SIZE  CONTINUES  TO  SHRINK,  THERE 
ARE  MORE  SEGMENTS  OF  INDUSTRY  PURSUING  OPPORTUNITIES  OUTSIDE 
OF  THEIR  TRADITIONAL  MARKETS.  THIS  WAS  CLEARLY  GOING  ON  IN 
WHAT  TODAY  MAKES  UP  LOCKHEED  MARTIN,  ALL  OF  WHICH  HAS 
TRANSPIRED  IN  THE  LAST  48  MONTHS.  WITH  THE  BULK  OF  FT  OCCURRING 
IN  JUST  THE  LAST  18  MONTHS.  SO  IT  IS  NOT  SURPRISING  THAT  WE  FIND 
THAT  WE  ARE  COMPETING  WITH  OTHER  LOCKHEED  MARTIN 
ORGANIZATIONS.  SOMETIMES  UNKNOWINGLY.  WE  ARE  WORKING  AT 
REMEDYING  THIS,  DEVELOPING  APPROACHES  WITHIN  A  SECTOR  TO 
REMEDY  CONFLICT,  AND  THEN  WORK  AT  A  SIMILAR  APPROACH  FOR 
INTERSECTOR  DECONFLICTION  WE  ARE  ON  A 

OPERATING  COMPANIES  -  LIKE  THE  NAVY  DID  A  FEW  YEARS  BACK  WITH 
tSf  t  pfo  LA^  CONCEPT  THERE  IS  GREATER  COORDINATION  AND 
S^PKATIO^AS  6^0™  GOES  BY.  DURING  THE  RECENT  LONG 
RANGE  PLAN  BRIEFINGS,  EACH  COMPANY  HAD  TO  REPORT  AND 
HIOHUGOT  AREAS  WHERE  THERE  WERE  SUCCESSES  IN  SUPPORTING 
StoBR  OPKATWO  COMPANIES,  OR  HAVING  BEEN  SUPPORTED  BY  OTHER 
orelATTOG  CoSiS  EMPLOYEES  ARE  BEING  ■  CROSSDECKED"  WHICH 
W1L^™1GATC  COMMUNICATION.  FIELD  OFFICES  ARE  WORKING  TO 
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AND  TECHNOLOGY  INVESTMENTS.  LIKE  ALL  PLANS  THERE  IS  ALWAYS  A 
DEGREE  OF  UNCERTAINTY,  SO  FLEXIBILITY  IN  THE  PLAN  AND  ITS 
EXECUTION  IS  KEY.  THERE  ARE  MANY  DIFFERENT  TECHNIQUES  WHICH 
ARE  EMPLOYED,  INCLUDING  INCREMENTAL  FUNDING  OF  PROGRAM 
PURSUITS  BASED  ON  ESTABLISHED  INTERNAL  MILESTONES.  A  RESERVE 
HELD  TO  RESPOND  TO  SUDDEN  CONTINGENCIES,  PURSUING  A  GREATER 
NUMBER  OF  PROGRAMS  THAN  COMMITTED  TO,  ETC.  PLANNING,  GOOD 
MANAGEMENT.  AND  PROPER  EXECUTION  IS  NOT  UNIQUE  TO  THE 
GOVERNMENT.  THE  DEFENSE  INDUSTRY,  OR  HIGH  TECH.  IT  IS  A 
DISCIPLINED  PROCESS  WHICH  CAN  AND  SHOULD  BE  APPLIED  TO 
VIRTUALLY  ALL  ENDEAVORS.  IT  HELPS  TO  ENSURE  THAT  THE  DESIRED 
RESULTS  ARE  ACHIEVED.  IT  HAS  BUILT  IN  CONTINGENCIES. 
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Appendix  A 


The  Technological  Revolution 
in  the  Mine  Problem 


A  Tutorial  Brief 
Including  Bibliographies  on 
Naval  Mines  and  Landmines 

Prof.  Albert  M.  Bottoms 
Ellis  A.  Johnson  Chair  of  Mine  Warfare 
Naval  Postgraduate  School 


Pages  in  smaller  typeface  are  intended 
as  guides  for  lecturer’s  briefing; 
pages  in  larger  typeface  are  intended 
to  be  converted  into  accompanying  viewgraphs 

The  views  expressed  herein  are  those  of  the  author 
and  do  not  necessarily  represent  the  official  positions 
of  the  Dept,  of  the  Navy  or  of  the  Naval  Postgraduate  School 
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In  the  military  sense,  mines  on  land  and  at  sea  can,  and  have,  played  the  roles  of  ’’showstoppers".  Mines  of  the  most 
sophisticated  types  are  readily  available  to  organized  combatant  forces  and  to  rogue  groups  and  terrorists. 
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CONVERGENCE  OF  FACTORS  STIMULATE  CONCERN  ABOUT  THE  MINE 
PROBLEM 

KUWAIT  (1991)  AND  WONSAN  (1951)  THWART  NAVY  INITIATIVES 
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In  military  operations  the  capability  to  execute  tasks  in  a  safe  and  timely  manner. 
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WORLD-WIDE  THREAT  AND  IMPLICATIONS  (What’s  at  risk) 
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Attempts  to  draw  the  analogy  with  chemical  and  biological  warfare  and  to  achieve  a  de  facto  ban  on  the  use  of  such 
weapons  have  largely  been  unsuccessful.  Military  organizations  in  many  countries  point  to  the  situations  that  can  arise  where 
defensive  use  of  anti-personnel  mines  becomes  necessary  to  redress  force  imbalances. 
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THE  INCREASING  SOPHISTICATION  OF  MINE  TECHNOLOGY 

AND  THE  PROLIFERATION  OF  MINES  AND  THEIR  TECHNOLOGIES 
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MINE  TECHNOLOGY  REMINDERS 
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MINE  TECHNOLOGY  REMINDERS 
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MINE  THREAT 

BEACH  AND  CRAFT  LANDING  ZONES 
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PRODUCED  (AND  EXPORTED)  BY  30  PLUS  COUNTRIES 
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Tlie  figure  provides  a  brief  description  of  the  types  of  activities  necessary  to  counter  the  naval  mine.  The  pictoral 
illustrations  provide  even  more  graphic  dscription  of  just  what  is  involved. 
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Since  World  War  I  (1914-1918)  generations  of  soldiers  and  marines  haave  relied  on  the  bayonet  as  a  hand-held  probe 
for  landmines.  Today,  in  deference  to  the  availability  of  magnetic  fuzing,  they  use  a  plastic  probe  about  2  feet  long!  That  is  also 
the  device  in  use  in  Humanitarian  De-mining  by  personnel  indigenous  to  the  infested  region. 
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PASSIVE  MINE  COUNTERMEASURES 


(Ti 

CNJ 


C/5 

Cu 


< 

H 

z 

u 

u 

b 

M 

Q 

Q 

Z 

c/5 

eu 

O 

I 

z 

o 

M 

H 

< 

O 

> 

< 

z 

□ 


c/5 

>- 

H 


W  M 

H  < 

< 


U  c/5 


H 

Z 

u 

c/5 

z 

i 

S 

H 

U 

Qs: 

u 

X 

o 

o 


A-36 


HEAVY  CONSTRUCTION  EQUIPMENT 
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EXPLOSIVE  MINE  CLEARANCE 
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AUTONOMOUS  VEHICLES 
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AUTONOMOUS  VEHICLES 
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Up  to  the  present  time  the  Navy-Marine  Corps  Team  had  to  send  for  specialized  mine  countermeasures  units  when 
problems  erupted  in  Korea  or  Kuwait.  The  analogy  is  sending  for  the  fire  department  instead  of  having  fire  extinguishing 
capabilities  close  at  hand.  The  emerging  technologies  are  those  that  enable  this  quest  for  organic  capabilities. 
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ORGANIC"  APPROACHES 
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The  partnership  among  Defense  Department  laboratories,  American  industry,  and  America’s  universities  has  ensured 
America's  technological  lead  In  many  areas  since  the  end  of  World  War  II.  In  a  market  economy,  industry  has  responsibilities 
to  the  stockholders.  Investment  of  corporate  capital  and  human  resources  -  including  the  opportunity  costs  of  pilot  R&D  - 
must  be  related  to  fairly  identifiable  returns  on  the  investment.  Development  costs  are  high.  The  development  cycle  is  long  - 
sometimes  as  much  ass  20  years.  Industry  must  see  stable  markets  with  the  potential  to  permit  expected  return  on  the 


CvJ 


A-51 


THE  IMPORTANCE  OF  IDENTIFYING  THE  WORLD-WIDE,  FUTURE 
MARKET  FOR  COUNTERMINE  SYSTEMS 
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Ahn,  S.W.  Neutralization  of  Surf  Region  Mines.  Trident  scholar  project  rept.:  Naval 
Academy,  Annapolis,  MD:  9  May  95.  124p, 

ABSTRACT:  There  is  significant  military  interest  in  the  dynamic  behavior  of  a  net  array  of  circular  cylinders 
traveling  through  a  fluid  medium.  Although  research  has  been  conducted  on  a  towed  single  line 
configuration  in  water,  there  is  little  information  regarding  the  dynamic  behavior  of  a  towed  net 
configuration.  This  investigation  examined  the  effect  that  physical  geometry,  tow  velocity,  and  tow  angle- 
oflattack  had  on  the  lift  and  drag  acting  on  a  net  towed  in  water.  The  measurements  indicate  a  significant 
relationship  between  these  factors  and  the  stability  of  the  net,  and  also  provide  normalized  polynomial 
equations  which  will  be  useful  in  predicting  the  aero-ballistics  of  the  net. 
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Alexander,  L.  et  al.  Q-Route  Survey  Demonstration  Project  Operational  Assessment.  Final 

rept.  Coast  Guard  Research  and  Development  Center,  Groton,  CT:  Jun  90.  1 19p. 

ABSTRACT:  The  Q-Route  survey  mission  involves  exploratory  ocean  floor  reconnaissance  and  the 

location/relocation  of  mine-like  objects  along  established  routes  from  the  entrance  of  major  U.S.  ports  to 
the  continental  shelf.  This  report  presents  results  of  a  joint  U.S.  Coast  Guard  -  U.S.  Navy  Q-Route  Survey 
project  conducted  in  New  London,  CT.  USCG  vessels  were  equipped  with  commercially-available 
equipment  and  systems,  and  manned  by  a  mix  of  USCG  and  USN  personnel.  Results  of  at-sea  operational 
evaluations  intended  to  measure  the  effectiveness  of  an  integrated  navigation/data  management  system  in 
meeting  Q-route  survey  mission  requirements  are  discussed.  An  integrated  system  configuration  comprised 
of  side  scan  sonar,  display/data  management,  and  navigation/positioning  subsystem  was  found  to  be  highly 
effective  for  conducting  detailed  Q-route  surveys.  USCG  vessels  are  suitable  platforms  from  which  to 
conduct  coastal  Q-route  survey  operations.  No  significant  vessel-related  constraints  were  associated  with 
available  working  space,  minimum  vessel  speed,  or  electrical  power.  A  joint-service  approach  to  Q-route 
survey  operations  effectively  uses  existing  skills  and  talent.  With  only  minimum  training  assigned  USN 
personnel  operated  the  equipment  consoles  while  USCG  personnel  piloted  the  vessel  and 
deployed/recovered  the  side  scan  sonar  and  acoustic  tracker  hydrophone.  The  most  critical  factor 
impacting  the  effective  conduct  of  route  survey  operations  was  the  availability  and  performance  of  the 
radio  navigation  system.  During  these  trials  Differential  Loran-C  provided  a  predictable,  geodetic 
accuracy  of  23  meters,  2  DRMS. 
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Precursor  Mine  Sweeping  Drone  Boat.  Technical  rept.  Materials  Research  Labs.,  Ascot 
Vale  (Australia).:  Jan  94.  27p. 

ABSTRACT:  A  three-degree-of-freedow  mathematical  model  has  been  developed  to  describe  the  zigzag 

maneuvering  behavior  of  a  prototype  hull  form  used  in  the  Royal  Australian  Navy  precursor  mine  sweeping 
drone  boat.  The  model  predicts  the  yaw  rate  of  the  vessel  in  response  to  the  angle  of  thrust  that  a  single 
outboard  motor  makes  with  respect  to  the  center  line  of  the  boat.  The  outboard  motor  is  assumed  to  supply 
a  constant  thrust  This  report  describes  the  development  of  the  model  from  first  principles  and  its 
transformation  into  a  form  suitable  for  use  in  closed  loop  control  modeling.  The  coefficients  of  the  model 
were  determined  using  full  scale  maneuvering  data  for  the  prototype  hull  form. 
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Elements  for  Strategic  and  Theater  Force  Comparisons  for  Total  Force  Capability 
Assessment  (TFCA).  Volume  III,  A  Preliminary  Documentation  of  a  Naval  Model. 
Interim  rept.  no.  2.  Institute  for  Defense  Analyses,  Alexandria,  VA.  International  Security 
Assessment  Div.  :  Jan  82.  33 8p. 

ABSTRACT:  The  model  described  in  this  paper  is  an  aggregated,  fully  automated,  deterministic  model  of  combat 
between  two  opposing  forces.  The  Blue  forces  in  this  model  can  consist  of  aircraft  carriers,  escort  ships, 
submarines,  sea-based  attack  and  defensive  aircraft,  and  land-based  defensive  aircraft.  The  Red  forces  in 
the  model  can  consist  of  surface  ships,  submarines,  land-based  attack  and  defensive  aircraft,  and  ground 
defenses.  The  model  is  designed  to  simulate  combat  between  these  forces  in  areas  in  which  geography  can 
play  a  significant  role,  such  as  in  the  Mediterranean  area.  In  particular,  a  goal  in  the  design  of  this  model 
was  to  include  geographical  considerations  in  an  aggregated  model— not  to  build  a  model  that  simulates 
either  combat  or  geography  (or  both)  in  great  detail.  The  description  of  the  model  in  this  paper  is 
preliminary  only  in  that  portions  of  this  description  will  be  expanded  in  the  near  future  in  order  to  more 
thoroughly  document  in  the  model.  The  current  status  of  the  model  is  as  follows:  Its  programming  is 
complete.  That  is,  an  input  routine,  the  combat  interaction  routines,  the  output  routines,  and  the  code  to 
hold  these  routines  together  have  been  programmed.  An  unclassified  and  entirely  hypothetical  data  base 
has  been  prepared,  the  model  has  been  successfully  run  with  this  data  base,  and  brief  initial  tests  of  the 
model  have  been  completed. 
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Autry,  D.  and  D,G.  Norton.  Increasing  Maritime  Role  of  the  U.S.  Air  Force.  Research  rept. 
Air  War  Coll.,  Maxwell  AFB,  AL.:  May  89.  67p. 

ABSTRACT:  This  paper  briefly  reviews  the  history  of  recent  Air  Force  participation  in  maritime  operations  and 
support  of  the  U.S.  maritime  strategy.  It  analyses  Air  Force  capabilities  in  antisurface  warfare,  mine 
warfare,  antiair  warfare,  and  maritime  aerial  refueling.  Improvements  in  these  capabilities  are  suggested. 
The  paper  concludes  that  Air  Force  aircraft  have  a  significant  role  in  U.S.  maritime  operations.  However, 
JCS  force  planner  and  theater  commanders  must  carefully  plan  how  to  use  these  scarce  resources  to  best 
advantage. 
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Ball,  J.F.  Effects  of  Sea  Mining  Upon  Amphibious  Warfare.  Master’s  thesis  Aug  91-Jun  92. 
Army  Command  and  General  Staff  Coll.,  Fort  Leavenworth,  KS.:  5  Jun  92.  148p. 

ABSTRACT:  This  study  investigates  the  effects  of  sea  mining  upon  amphibious  warfare.  The  methodology  involves 
case  studies  of  amphibious  assaults  conducted  at  Gallipoli  Normandy,  Wonson,  and  the  Persian  Gulf 
during  Operation  Desert  Storm.  The  cases  are  examined  in  terms  of  forces  involved,  mining  conducted, 
and  the  effect  the  mining  and  mine  countermeasures  had  upon  the  achievement  of  surprise  in  the  assault. 
The  study  attempts  to  determine  if  the  determining  factor  is  the  level  of  mine  technology,  or  the  size  of  the 
forces  involved.  It  emphasizes  the  importance  of  rapid  and  complete  mine  countermeasures  to  the 
achievement  of  surprise  in  the  amphibious  assault.  Based  upon  the  four  cases  studied,  the  determinant 
appears  to  be  force  levels.  At  Normandy  where  levels  were  adequate,  the  operation  was  successful.  At 
Gallipoli  and  Wonsan  the  results  were  either  failure  or  inconclusive.  The  Persian  Gulf  study  points  out  that 
failure  would  have  been  the  likely  result.  A  recommendation  to  prevent  further  deterioration  of  the  mine 
countermeasures  force  is  presented. 
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Bennett,  R.H.  Seabed-Structure  Interaction:  Workshop  Report  and  Recommendations  for 
Future  Research  Held  in  Metairie,  Louisiana  on  5-6  November  1991.  Final  rept. 
Naval  Oceanographic  and  Atmospheric  Research  Lab.,  Stennis  Space  Center,  MS.:  Feb 
92.  28p. 

ABSTRACT:  Intrinsic  to  the  topic  of  Seabed-Structure  Interaction  (S-SI)  of  objects  coupled  with  the  seafloor  is  the 
dynamics  of  the  'system. '  The  dynamics  involve  environmental  forcing  of  the  object  and  the  seabed,  the 
fundamental  properties  of  the  geological  material,  the  size  an  shape  of  the  object,  and  the  time-dependent 
processes  associated  with  the  coupling  of  the  water  column,  seabed,  and  the  object.  Thus,  the  most  crucial 
S-Sl  research  problems  to  address  in  the  Coastal  Benthic  Boundary  Layer  Special  Research  Project  (SRP) 
should focus  on  the  dynamics  and  time-dependent  processes  affecting  objects  coupled  to  the  sea  floor.  The 
research  efforts  should  include  a  range  of  scales  from  micro  to  macro  but  largely  focused  on  the  dynamics 
and  processes  in  proximity  to  the  object  rather  than  broad  scale  geological  oceanographic  processes. 
Much  is  to  be  gained  by  interdisciplinary  research  well  focused  on  specific  S-SI  phenomena.  Acoustics, 
Sediments,  Mines. 
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Berger,  H,K.  Mine  Deployment  and  Operational  Means.  Naval  Intelligence  Support  Center, 
Washington,  DC.  Translation  Div.:  25  Apr  83.  lOp.  [Trans,  of  Soldat  und  Technik 
(Germany,  F.R.),  D  6323  E,  v2  p68-71  Feb  83.] 

ABSTRACT:  No  abstract  available. 
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Blair,  D.G.  Array  Design:  Literature  Survey  For  A  High-Resolution  Imaging  Sonar 

System.  Pt  1.  Technical  note.  Materials  Research  Labs.,  Ascot  Vale  (Australia):  Dec  93. 
37p. 

ABSTRACT:  This  report,  together  with  the  proposed  Part  2,  surveys  the  literature  relevant  to  the  design  of  a  sonar 
array  for  imaging  mines  with  a  resolution  approaching  1  mm.  Written  as  a  descriptive  and  sometimes 
critical  review,  the  report  draws  out  the  connections  to  mine  imaging.  Background  areas  surveyed  include 
acoustic  propagation  and  scattering,  signal  processing  and  display.  The  theory  of  array  beamforming  is 
traced,  beginning  from  basics  and  including  the  near  field  and  broadband  signals.  Three-dimensional 
beamforming,  by  the  delay-and-add  method  and  by  backpropagation  (numerical  holography),  are 
discussed.  Working  systems  and  related  development  work  are  described,  including  sonar  systems, 
high-resolution  underwater  imaging,  imaging  in  medicine  and  nondestructive  evaluation,  synthetic 
aperture,  acoustic  holography  and  tomography. 
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Blood,  C.G.  Analyses  of  Battle  Casualties  by  Weapon  Type  Aboard  U.S.  Navy  Warships. 
(Reannouncement  with  New  Availability  Information).  Final  rept.  Naval  Health 
Research  Center,  San  Diego,  CA:  Feb  91.  9p. 

ABSTRACT:  The  number  of  casualties  was  determined  for  513  incidents  involving  U.S.  Navy  warships  sunk  or 

damaged  during  World  War  II.  Ship  type  and  weapon  were  significant  factors  in  determining  the  numbers 
of  wounded  and  killed.  Multiple  weapon  attacks  and  kamikazes  yielded  more  wounded  in  action  than  other 
weapon  types.  Multiple  weapons  and  torpedoes  resulted  in  a  higher  incidence  of  killed  in  action  than  other 
weapons.  Penetrating  wounds  and  burns  were  the  most  prominent  injury  types.  Kamikaze  attacks  yielded 
significantly  more  burns  than  incidents  involving  bombs,  gunfire,  torpedoes,  mines,  and  multiple  weapons. 
Mine  explosions  were  responsible  for  more  strains,  sprains,  and  dislocations  than  the  other  weapon  types. 
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Boboltz,  D  A.  USS  AVENGER  (MCM  1)  Standardization,  Locked  Shaft,  and  Trailed 

Shaft  Trials.  Final  rept.  Naval  Surface  Warfare  Center  Carderock  Div.,  Bethesda,  MD. 
Ship  Hydromechanics  Dept:  May  92.  77p. 

ABSTRACT:  Standardization,  Trailed  Shaft,  and  Locked  Shaft  Trials  were  conducted  on  USS  A  VENGER  (MCM  I) 
to  develop  baseline  speed  and  powering  characteristics  for  the  MCM  1  class  minesweepers.  The  trials  were 
performed  off  the  west  coast  of  St.  Croix,  U.S.  Virgin  Islands  from  19  to  22  June  1989  as  part  ofNA  VSEA 
First  of  Class  Performance  Trials.  During  the  Standardization  Trial  a  maximum  speed  of  13.92  kn  at  181. 7 
r/min  average  shaft  speed  was  achieved  with  the  propellers  at  nominal  100%  of  design  pitch.  To  achieve 
this  speed,  A  VENGER  required  2,050  total  shaft  horsepower  (1,530  kW),  with  59,300 ft-lbf  total  torque 
(80,300  N-m)  applied  to  the  shafts.  The  maximum  speed  achieved  during  the  Locked  Shaft  Trial  was  9.13 
kn  with  the  port  shaft  driving  the  ship  at  a  shaft  speed  of  167.2  r/min.  At  this  speed  the  A  VENGER  used  970 
hp  (720  kW)  and  30,400 fUlbf  of  torque  (41,200  N-m)  on  the  driving  shaft.  During  the  Locked  Shaft  Trial, 
the  pitch  on  the  port  propeller  was  at  nominal  100%,  while  the  pitch  on  the  locked  starboard  shaft 
propeller  was  nominal  15%o.  For  the  Trailed  Shaft  Trial  a  maximum  speed  of  10.34  kn  was  achieved  at 
168.5  r/min  shaft  speed  on  the  driving  port  shaft.  This  speed  was  accomplished  with  980  hp  (730  kW)  and 
30,300 ft-lbf  torque  (41,100  N-m)  on  the  driving  shaft.  During  the  Trailed  Shaft  Trial  nominal  100%  pitch 
was  used  on  the  port  propeller  with  the  starboard  propeller  trailing  at  nominal  1  10%  pitch.  Baseline 
standardization,  trailed  shaft,  and  locked  shaft  curves  are  also  developed  for  the  A  VENGER  in  this  report. 
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Boerman,  D.A.  Finding  an  Optimal  Path  Through  a  Mapped  Minefield.  Master’s  thesis  1 
Jan  92-24  Mar  94.  Naval  Postgraduate  School,  Monterey,  CA:  Mar  94.  55p. 

ABSTRACT:  An  integer  programming  model  is  developed  to  find  an  optimal  path  through  a  naval  minefield  which 
has  been  completely  mapped.  The  region  of  the  minefield  is  discretized  into  a  grid  network  and  a  network 
flow  model  with  side  constraints  is  created  to  minimize  the  sum  of  a  weighted  combination  of  risk  and 
distance  along  any  path  through  the  minefield.  Tests  are  conducted  on  a  20x20  grid  with  a  field  of  10 
mines.  This  generates  a  model  with  1470  variables  and  818  constraints  which  is  solved  on  an  80386  33 
MHZ  PC  in  405  seconds.  Tests  are  run  for  various  weights  and  to  test  the  effects  of  shifting  the  grid  in 
space.  Results  show  that  varying  the  weight  yields  paths  with  sensible  tradeoffs  between  distance  and  risk, 
and  show  that  improved  paths  can  be  obtained  by  shifting  the  network  grid.  The  model  developed  provides 
users  with  a  means  to  plan  a  covert  penetration  of  a  minefield  using  the  potential  intelligence  gathering 
capabilities  of  an  autonomous  underwater  vehicle. 
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Bradley,  S.C.  Clearing  the  Vital  Choke  Points  in  the  Sea  Lines  of  Communication-Its  not 
just  a  Navy  Problem  and  Solution.  Final  rept.  Naval  War  Coll.,  Newport,  RI.  Dept,  of 
Operations:  17  May  93.  32p. 

ABSTRACT:  This  paper  is  primarily  a  thought  process.  Many  scholarly  works  and  group  efforts  have  pointed 
clearly  to  the  abysmal  condition  of  the  United  States  Naval  Mine  Countermeasures  (MCM)  both  in 
capability  and  size.  The  problems  which  the  U  S  Navy  has  in  this  capability  stem  from  two  reasons:  first, 
an  historic  lack  of  effort  in  funding  a  robust  MCM  capability,  and  second,  there  are  limitations  in  the  laws 
of physics  which  make  detection  of  mines  a  difficult  process.  The  purpose  of  this  paper  is  not  to  split  the 
arrow  which  has  already  landed  in  the  center  of  the  Navy's  MCM  forces,  but  to  stimulate  the  reader  to  not 
view  MCM  as  the  Navy  problem.  There  are  no  quick  solutions  to  the  problems.  However,  the  operational 
commander  who  reviews  the  entire  process  of  mine  warfare  and  its  countermeasures  has  a  better  chance  of 
employing  and  assisting  a  Naval  force  in  dealing  with  this  threat.  There  are  two  purposes  to  this  paper-first 
is  to  show  that  MCM  operations  are  not  just  minesweeping/minehunting;  second  is  to  suggest  that  Army, 

Air  Force,  and  Marine  forces  may  be  very  useful  in  keeping  the  vital  choke  points  in  the  Sea  Lines  Of 
Communication  (SLOC)  open  against  Naval  mines. 
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Briggs,  K.B.  High-Frequency  Acousstie  Scattering  from  Sediment  Interface  Roughness  and 
Volume  Inhomogeneities.  Final  rept.  Naval  Research  Lab.  Detachment,  Stennis  Space 
Center,  MS:  5  Dec  94.  156p. 

ABSTRACT:  High-frequency  acoustic  and  geoacoustic  data  from  five  experiment  sites  with  different  sediment  types 
are  compared  with  predictions  from  the  composite  roughness  model  to  ascertain  the  relative  contribution 
of  interface  roughness  and  sediment  volume  scattering.  Model  fits  to  backscattering  data  from  silty 
sediments  indicate  that  volume  scattering  predominates,  but  measured  bottom  roughness  was  sufficient  to 
explain  the  backscattering  measured  from  a  rippled,  sandy  sediment.  Fluctuations  in  sediment  porosity  and 
sound  velocity  probably  cause  volume  scattering,  which  is  described  by  a  free  parameter  in  the  composite 
roughness  model  comparisons.  High-resolution  vertical  profiles  of  sediment  porosity  and  compressional 
wave  velocity  collected from  14  diverse  sites  on  continental  shelves  are  used  to  calculate  vertical  spatial 
autocorrelation  functions,  variance  of  the  fluctuations,  and  the  dependence  of  sediment  sound  velocity  and 
density  on  sediment  porosity  for  parameterizing  sediment  volume  inhomogeneity.  Correlation  lengths 
calculated  from  autocorrelation  functions  show  maximum  variability  in  poorly  sorted  sediments.  The 
variance  of porosity  and  velocity  fluctuations,  which  determines  the  strength  of  volume  scattering,  exhibits 
wide  variation  with  sediment  type  and  depends  on  the  processes  that  mix  and  transport  sediments. 
Comparison  of  data  from  a  large  number  of  locations  on  continental  shelves  suggests  that  fluctuations  in 
sediment  porosity  are  due  to  biological  and  sedimentological  processes  and  that  fluctuations  in  sediment 
velocity  are  due  to  hydrodynamic  processes. 
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Broughton,  D.S.  Application  of  the  Analysis  Phase  of  the  Instructional  System 

Development  to  the  MK-105  Magnetic  Minesweeping  Mission  of  the  MH-53E 
Helicopter.  Master's  thesis.  Naval  Postgraduate  School,  Monterey,  CA.:  Sep  87.  95p. 

ABSTRACT:  With  the  introduction  of  the  MH-53E  helicopter  as  a  platform  for  airborne  mine  countermeasures,  a 
new  cockpit  flight  simulator  was  proposed.  This  simulator,  device  2FI41,  will  provide  the  U>S>  Navy  with 
the  capability  to  simulate  the  flight  environment  of  an  airborne  mine  countermeasures  mission.  The  method 
of  the  Instructional  System  Development  (ISD)  model  was  applied  as  a  framework  for  development  of  a 
training  program.  This  study  concentrated  on  the  analysis  phase  of  the  ISD  process.  Through  the 
application  of  a  task  analysis  and  quantification  methodology  of  the  Mission  Operability  Assessment 
Technique  (MOAT)  a  rank  ordering  of  sub  tasks  and  major  flight  segments  for  the  ship-based  MK-105 
magnetic  minesweeping  mission  was  determined.  This  study  found  that  the  major  flight  segments  of 
landing,  takeoff  and  preparation  for  tow,  and  transit  to  the  minefield  required  the  most  improvement  to 
increase  the  mission  operability  and  effectiveness  score.  Therefore,  a  training  program  should  be  designed 
and  developed  that  will  effect  these  improvements  by  utilizing  the  cockpit  flight  simulator. 
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Carter,  G.C.  Submarine  Sonar  System  Concepts  for  Littoral  Waters  (Preliminary 

Unabridged  Version).  Final  rept.  Naval  Undersea  Warfare  Center  Div.,  Newport,  RI: 
Jan  96.  17p. 

ABSTRACT:  This  documents  contains  the  unabridged  (original)  manuscript  submitted  to  the  Naval  Submarine 
League  tor  publication  in  The  Submarine  Review. 
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Cashman,  T.M.  Sweeping  Changes  for  Mine  Warfare:  Controlling  the  Mine  Threat. 

Master's  thesis.  Naval  Postgraduate  School,  Monterey,  CA:  Dec  94.  86p. 

ABSTRACT:  This  thesis  proposes  that  the  U.S.  Navy  deter  and,  if  necessary,  combat  potential  minelayers  by 
pursuing  a  pro-active^  offensive  mine  warfare  strategy.  Central  to  this  proposed  strategy  is  the 
development,  acquisition,  and  use  of  Remote  Controlled  (RECO)  mines.  It  is  argued  that,  given  the 
historical  problems  the  United  States  has  had  in  the  area  of  naval  mine  warfare,  a  strategy  aimed  at  the 
aggressive  deterrence  of  enemy  mine  laying  be  embraced  so  as  to  project  forces  ashore  in  future 
amphibious  operations. 
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Clark,  R.  et  al.  Mine  Search  System  Model  (MSSM).  Final  technical  rept.  Alliant 
Techsystems,  Inc.,  Arlington,  VA.  Advanced  Technology  Center:  Dec  91.  67p. 

ABSTRACT:  This  document  presents  the  results  of  conversion  of  a  HoneyM’ell  internally-funded 

operator-interactive  minefield  penetration  model  to  a  DARPA-sponsored  automated,  high  fidelity  mine 
search  system  model  (MSSM)  capable  of  supporting  Monte  Carlo  analysis.  Major  strengths  of  the 
converted  model  are:  modularized  construction,  introduction  of  a  current  set  and  drift  application, 
validation  using  at-sea  derived  data  from  SUBASWEX  3-89,  heavy  emphasis  on  replication  of  the  sonar 
equation  and  environment,  and  resultant  accurate  simidations  of  SSN  688  and  unmanned  underwater 
vehicle  (UUV)  performance  in  minefield  penetration  runs.  3-D  graphics  were  introduced  parametric 
studies  of  UUV  performance  in  a  survey  mission  role  were  also  completed,  as  were  implications  of 
multiplexing  using  an  acoustic  command  link  (ACL)  between  the  UUV  and  SSN.  Promising  results  of  the 
first  phase  covered  by  this  document  have  led  to  more  advanced  application  of  the  MSSM  under  a 
NUSC-guided,  DARPA-sponsored  program  during  a  two  year  period  starting  in  December  199L 
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Compton,  M.A.  Minefield  Search  and  Object  Recognition  for  Autonomous  Underwater 
Vehicles.  Master's  thesis.  Naval  Postgraduate  School,  Monterey,  CA.:  Mar  92.  257p. 

ABSTRACT:  Autonomous  Underwater  Vehicles  (AUV)  are  an  outstanding  minefield  search  platform.  Because  of 
their  stealthy  nature,  AUVs  can  be  deployed  in  a  potential  minefield  without  the  enemy's  knowledge.  They 
also  minimize  dangerous  exposure  to  manned  and  more  expensive  naval  assets.  This  thesis  explores  two 
important  and  related  aspects  of  AUV  minefield  search:  exhaustive  sensor  coverage  of  a  minefield  through 
effective  path  planning  and  underwater  object  recognition  using  the  vehicle's  sensors.  The  minefield  search 
algorithm  does  not  require  a  priori  knowledge  of  the  world  except  for  user-defined  boundaries.  It  is  a 
three-dimensional,  prioritized  graph  search  using  a  ladder  based  methodology  and  an  A*  optimal  path 
planning  algorithm.  The  minefield  search  algorithm  effectively  ignores  areas  which  are  blocked  by 
obstacles,  performs  terrain  following  and  avoids  local  minima  problems  encountered  by  other  area  search 
solutions.  The  algorithm  is  shown  to  be  effective  using  a  variety  of  graphical  simulators.  The  object 
recognition  algorithm  provides  autonomous  classification  of  underwater  objects.  It  uses  geometric 
reasoning  and  line  fitting  of  raw  sonar  data  to  form  geometric  primitives.  These  primitives  are  analyzed  by 
a  CLIPS  language  expert  system  using  heuristic  based  rules.  The  resulting  classifications  may  be  used for 
higher  level  mission  planning  modules  for  effectively  conducting  the  minefield  search.  Actual  NPS  AUV 
swimming  pool  test  runs  and  graphic  simulations  are  used  to  demonstrate  this  algorithm  which  was  built  in 
cooperation  with  Lieutenant  Commander  Donald  P.  Brutzman,  USN. 
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Cottle,  D.J.  Mine  Avoidance  and  Localization  for  Underwater  Vehicles  Using  Continuous 
Curvature  Path  Generation  and  Non-Linear  Tracking  Control.  Master's  thesis  Jun 
92-Sep  93.  Naval  Postgraduate  School,  Monterey,  CA.  Dept,  of  Mechanical  Engineering.: 
Sep93.74p. 

ABSTRACT:  Many  underwater  vehicles  have  been  designed  to  follow  a  straight  path  using  linear  approximations 
about  that  path.  Tracking  a  dynamic  path  of  arbitrary  but  continuous  curvature  may  often  be  desired.  This 
will  require  a  nonlinear  controller  with  enhanced  robustness  properties.  One  point  of  this  thesis  is  to  show 
how  nonlinear  control  using  sliding  modes  may  be  applied  to  follow  a  dynamic  path.  In  a  mine  warfare 
setting  using  Autonomous  Underwater  Vehicles  (AUVs),  reflexive  maneuvers  will  be  required  for  nine 
avoidance.  This  thesis  presents  one  way  in  which  paths  for  mine  avoidance  maneuvers  may  be  generated 
automatically  and  used  as  inputs  to  the  nonlinear  tracking  control  system  of  the  vehicle.  It  has  been  shown 
through  simulation  that  a  random  minefield  can  be  traversed  by  an  A  UV  while  localizing  and  avoiding 
detected  mines  using  these  control  concepts. 
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Crawford,  M.W.  and  R.L.  Detwiler.  Through  the  Ice  Mining  Study.  Final  rept.  Epoch 
Engineering,  Inc.,  Gaithersburg,  MD.:  Jun  83.  7 Ip. 

ABSTRACT:  A  search  for  literature  relevant  to  ice  penetration  by  naval  mines  has  shown  that  interest  in  the 
problem  has  existed  since  1952.  Early  studies  were  followed  by  Arctic  sea  ice  penetration  tests  using 
instrumented  penetrators  of  varying  sizes  and  weights.  Empirical  equations  for  prediction  of  ice 
penetration  and  longitudinal  accelerations  during  ice  penetration  were  originally  developed  by 
modification  of  earth  penetration  equations.  Analysis  of  all  available  test  data  has  validated  the  empirical 
equations  within  the  originally  stated  limits  of  accuracy.  Comparable  test  data  appear  to  confirm  the 
validity  for  structural  tests  of penetration  testing  in  gypsite  as  a  simulation  of  Arctic  sea  ice  for  the  first  few 
feet  of  penetration.  Very  little  information  exists  concerning  transverse  acceleration  and  loading  in  either 
ice  or  gypsite.  Parametric  studies  of  mine  design  parameters  for  a  typical  moored  mine  with  practical 
constraints  show  trends  of  the  weight  area  factor  relationship  and  the  nose  shape  factor  relationship  to 
maximum  thickness  of  ice  perforation  capability,  the  payload  to  penetration  relationship  and  the  weight 
efficiency  of  the  payload  in  a  constrained  total  weight  system.  The  few  data  available  suggest  that  the 
problem  of  structural  survival  of  transverse  loads  may  be  far  more  severe  than  that  of  surviving  the 
longitudinal  deceleration  forces. 
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Deitchman,  S.  et  al.  Air-Supported  Anti-Infiltration  Barrier.  Final  rept.  Institute  for  Defense 
Analyses,  Alexandria,  VA.  Jason  Div.:  Aug  66.  68p. 

ABSTRACT:  In  this  report  we  discuss  a  possible  air-supported  barrier  or  interdiction  zone  that  would  help  to 

isolate  the  South  Vietnam  battlefield from  North  Vietnam.  The  ideas  are  not  unrelated  to  proposals  in  this 
area  that  have  been  made  previously,  but  they  are  perhaps  explored  in  more  depth  than  such  ideas  have 
been  explained  hitherto,  and  operations  on  a  larger  scale  that  have  previously  been  considered  are 
envisaged.  Both  advantages  and  difficulties  are  discussed,  on  the  assumption  of  a  relatively  long  war 
lasting  several  years.  Part  I  gives  some  general  views  of  the  relation  of  such  a  barrier  to  the  general  course 
of  the  war;  then  in  Part  1 1  we  present  a  rough  picture  of  the  current  infiltration  system  and  of  U.S. 
operations  against  the  Ho  Chi  Minh  Trail,  as  it  has  been  presented  to  us  in  briefings.  Part  III,  a  system 
conception,  is  described  for  an  air-supported  barrier.  An  initial  system  is  discussed,  that  could  be  largely 
operational  within  a  year  or  so  from  go-ahead  using  nearly-av  ail  able  weapons,  aircraft,  and  equipment. 
Even  for  such  a  system  some  component  engineering  will  be  necessary.  Part  IV  gives  a  partial  analysis  of 
how  such  a  barrier  might  be  deployed,  its  potential  impact  on  the  communist  war  effort,  and  of  strategic 
measures  North  Vietnam  could  take  to  circumvent  it  if  it  is  successful. 
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Eaton,  D.  Canadian  underwater  mine  apparatus:  Unmanned  performance  validation  of 
the  second  prototype  second  stage  regulator.  DCIEM  technical  report  no.  89-TR-44. 
Defence  and  Civil  Inst,  of  Environmental  Medicine,  Downsview  (Ontario):  cl  989,  15p. 

ABSTRACT:  The  Canadian  underwater  mine  apparatus  (CUMA)  provides  life  support  for  a 

mine-countermeasures  diver  to  depths  of  80  m  of  seawater  (msw).  The  design  of  the  CUMA  produces  a 
breathing  gas  with  constant  oxygen  partial  pressure  by  mixing  pure  oxygen  with  a  diluent,  either  nitrogen 
for  diving  to  depths  of  55  msw  or  helium  for  depths  of  80  msw.  A  reliability  test  of  the  gas-mixing  circuit, 
two  manned  evaluations  of  the  CUMA,  and  a  field  trial  proved  that  the  gas-mixing  circuit  worked  as 
desired.  However,  a  crucial  component  in  the  diluent  circuit,  the  second  stage  regulator,  needed  technical 
improvements  to  increase  its  compatibility  with  saltwater  and  helium.  Changes  were  made  and  a  test 
protocol  was  designed  to  evaluate  the  output  characteristics,  and  to  some  extent  the  reliability,  of  the  new 
regulator.  This  document  describes  the  results  of  a  series  of  tests  performed  to  establish  the  linearity  of  the 
regulator,  the  coefficients  of  the  regression  line,  and  the  repeatability  of  the  relationship. 
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Eaton,  D.J.  and  S.A.  McDougall.  Project  Review  of  the  Experimental  Diving  Unit. 

Semi-annual  rept.  Nov  93-Apr  94.  Defence  and  Civil  Inst,  of  Environmental  Medicine, 
Downsview  (Ontario).:  Jun  94.  46p. 

ABSTRACT:  Two  projects  in  EDU,  development  of  a  freeze-proof  regulator  and  decompression  tables  for  the 

Canadian  Underwater  Mine-countermeasures  Apparatus  (CUMA),  continue  to  occupy  the  majority  of  the 
unit's  time.  Regulator  development  involved  iterative  testing  and  modification  of  two  prototypes  while  two, 
four-week  dive  series  were  completed  to  add  1 73  more  human  exposures  to  the  data  base  required  to 
validate  the  CUMA  decompression  model  and  tables.  The  development  of  an  integrated  system  of 
equipment  for  mine-countermeasures  diving  integrated  well  with  the  CUMA  decompression  table 
validation.  During  each  dive  series  components,  such  as  new  weight  harness  prototypes  or  dry  suit 
samples,  were  included  in  the  dives  so  that  development  could  ontinue  in  parallel  with  the  table  validation. 
Another  project  which  dovetailed  well  with  the  CUMA  decompression  work  was  the  development  of  the 
hand  heating  system  under  the  Clearance  Diver’s  Supplementary  Heat  project.  Prototypes  were  evaluated 
during  the  CUMA  decompression  dives.  This  project  has  expanded  to  include  whole  body  heating  and 
electric  suits  for  this  purpose  were  obtained  to  compare  their  performance  against  the  standard  hot  water 
suit. 
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Eisenberg,  P.  Research  at  the  Hamburgische  Schiffbau  Versuchsanstalt  Relating  to 

Pressure  Actuated  Mines.  Technical  rept.  Naval  Technical  Mission  in  Europe:  Oct  45. 
135p. 

ABSTRACT:  No  abstract  available. 
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Elischer,  P.  and  J.  Howe.  Australia's  Shock  Testing  Capability.  Defence  Science  and 

Technology  Organisation,  Canberra  (Australia):  11  Feb  93.  9p.  [Proceedings  from  the 
Institution  of  Engineers,  Australia  Dynamic  Loading  in  Manufacturing  and  Service 
Conference  Held  in  Melbourne,  Victoria  on  9-1 1  February  1990.] 

ABSTRACT:  Australia's  involvement  in  shock  testing  to  evaluate  the  structural  response  of  Naval  vessels  and  ships' 
equipment  to  transient  dynamic  loads  began  in  late  1970.  It  commenced  with  gaining  the  necessary 
understanding  of  underwater  blast  phenomena  and  culminated  in  the  successful  shock  testing  of  an 
Australian  designed  and  constructed,  glass  reinforced  plastic  (GRP),  minehunter.  Since  then  we  have 
maintained  an  active  role  in  conducting  full  scale  shock  trials  to  evaluate  the  vulnerability  of  vessels  and 
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equipment  supporting  mine  countermeasure  operations.  We  also  conduct  smaller  scale  trials  to  support  the 
submarine  construction  program  and  the  various  research  tasks  undertaken  by  DSTO.  This  paper  presents 
an  overview  of  the  shock  trials  conducted  to  date,  together  with  a  brief  description  of  facilities  available 
and  considerations  which  needed  to  be  addressed  when  conducting  such  tests  in  shallow  water 
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Elischer,  P.and  J.  Howe.  Dynamic  Loading  in  Manufacturing  and  Service:  Australia's 

Shock  Testing  Capability.  Materials  Research  Labs.,  Ascot  Vale  (Australia):  1 1  Feb  93. 

8p. 

ABSTRACT:  Australians  involvement  in  shock  testing  to  evaluate  the  structural  response  of  Naval  vessels  and  ships' 
equipment  to  transient  dynamic  loads  began  in  late  1970.  It  commenced  with  gaining  the  necessary 
understanding  of  underwater  blast  phenomena  and  culminated  in  the  successful  shock  testing  of  an 
Australian  designed  and  constructed,  glass  reinforced  plastic  (GRP)  minehunter.  Since  then  we  have 
maintained  an  active  role  in  conducting  full  scale  shock  trials  to  evaluate  the  vulnerability  of  vessels  and 
equipment  supporting  mine  countermeasure  operations.  We  also  conduct  smaller  scale  trials  to  support  the 
submarine  construction  program  and  the  various  research  tasks  undertaken  by  DSTO.  An  overview  of  the 
shock  trials  conducted  to  date,  together  with  a  brief  description  of  facilities  available  and  considerations 
which  needed  to  be  addressed  when  conducting  such  tests  in  shallow  water  is  presented. 

ACCESSION  NUMBER:  N941 13040 

Elliott,  M.A.  Acoustic  Transient  Generator.  Patent.  Department  of  the  Navy,  Washington, 

DC. 

Filed  4  Aug  64,  patented  2  Oct  90.  9p. 

ABSTRACT:  This  patent  pertains  to  an  underwater  transient  sound  generator  for  broadcasting  optimum  acoustical 
sonic  energy  in  sea  water  with  an  appropriate  intensity  and frequency  spectrum  to  achieve  passivation  of 
acoustical  mines.  A  high  pressure  bubble  is  released from  a  chamber  while  a  resilient  diaphragm  is 
simultaneously  vibrated,  the  diaphragm  having  at  least  one  of  its  surfaces  in  contact  with  the  sea  water. 

The  system  provides  an  improved  pneumatic-mechanical  impact  sound  source  that  produces  a  controllable 
distribution  of  high  power,  broad  band  spectrum  acoustical  energy,  to  temporarily  inactivate  acoustical 
mines,  while  masking  the  noise  of  the  ship  as  it  passes  the  mine. 
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Engebretson,  K.R.  Comparison  of  Data  Fusion  Techniques  for  Target  Detection  with  a 

Wide  Azimuth  Sonar.  Master's  thesis.  Air  Force  Inst,  of  Tech.,  Wright-Patterson  AFB, 
OH:  May  95.  127p. 

ABSTRACT:  A  group  at  the  Charles  Stark  Draper  Laboratory  developed  a  concept  for  a  mine  reconnaissance 

platform  called  Intelligent  Sonobuoy.  This  platform  utilizes  a  low  frequency  sonar  with  wide  aspect  angle 
coverage.  Furthermore  the  platform  is  designed  to  drift  past  an  area  of  interest  and  thus  obtain  multiple 
detections  from  each  sonar  target.  This  thesis  examines  methods  of  fusing  together  those  detections  into  a 
composite  map  of  the  target  field  in  order  to  detect  and  localize  those  sonar  targets.  A  technique  based  on 
hypothesis  testing  and  maximum  likelihood  estimation  is  first  derived  and  then  applied  to  simulated  data. 
Lastly,  the  system  is  validated  on  actual  test  data  obtained  in  Mendum's  Pond,  New  Hampshire  during  the 
summer  and  Fall  of  1994.  This  system  is  shown  to  be  effective  at  resolving  targets  to  within  a  few  meters.  A 
competing  approach  based  on  the  Hough  transform  is  next  examined.  This  clustering  technique  is  applied 
to  find  the  change  in  target  location  with  respect  to  the  buoy's  position.  The  system  works  for  simulated  test 
data  with  a  small  number  of  detections.  System  performance  declines  rapidly  as  the  number  of  detections 
increases  and  the  system  does  not  work  well  with  the  actual  test  data. 
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Fanta,  P.J.  Sea  Mines  at  the  Operational  Level  of  War.  Final  rept.  Naval  War  Coll.,  Newport, 
RI:  13  Feb  95.  21p. 

ABSTRACT:  Sea  mines  represent  a  significant  challenge  to  the  operational  commander  both  in  operational 

planning  and  execution.  Mining  affects  all  levels  of  warfare:  strategic,  operational  and  tactical.  Through 
historical  example,  the  impact  of  mines  at  the  Operational  level  of  war  can  be  readily  demonstrated. 
Analyzing  lessons  learned  shows  how  mines  can  affect  operational  maneuver,  operational  tempo,  surprise, 
and  security.  Additionally,  since  mines  are  inexpensive,  plentiful,  and  can  be  easily  placed,  planning  for 
mine  countermeasure  operations  is  a  requirement  for  every  operation,  large  or  small.  Using  historical 
examples  for  a  framework,  a  conceptual  model  to  evaluate  the  need  for  mine  countermeasures  planning 
can  be  created,  allowing  for  advance  planning  and for  tailoring  operations  to  better  meet  the  threat. 

ACCESSION  NUMBER:  ADA293702 

Fowler,  J.E.  et  al.  Cooperative  Laboratory  and  Field  Study  to  Investigate  Effects  of  Wave 
and  Current  Action  on  Dual-Rocket  Distributed  Explosive  Array  Deployment.  Final 
rept.  Coastal  Engineering  Research  Center,  Vicksburg,  MS:  May  93.  73p. 

ABSTRACT:  A  series  of  2-D  (flume)  laboratory  and  field  tests  were  conducted  to  examine 

effects  of  waves  and  currents  on  a  simulated  dual-rocket  distribution  explosive  array  deployment 
(DRDEAD)  system.  The  DRDEAD  system  consists  of  a  large  array  of  explosive  material  which  can  be 
deployed  by  rockets  launched  from  Navy  vessels  across  the  surf  zone  in  a  mine-clearing  operation.  The 
U.S.  Army  Engineer  Waterways  Experiment  Station  (WES)  Coastal  Engineering  Research  Center's 
mid-scale  2-D  facility  was  used  to  examine  various  wave  conditions,  methods  of  deployment,  and 
anchoring  systems  for  a  simulated  (inert)  DRDEAD.  Waves  simulating  sea  state  3  conditions  and  lower 
(i.e.,  calm  seas  to  5-ft  prototype  waves)  were  used  in  the  laboratory  study.  Laboratory  tests  indicated  that 
sea  state  3  will  be  a  limiting  condition  for  deployment  of  the  array  without  additional  weights  or  anchors. 
Field  tests  to  assess  effects  of  wave  and  current  were  conducted  during  the  summer  of  1992  at  CERC's 
Field  Research  Facility  (FRF)  in  Duck,  North  Carolina.  Results  of  the  field  tests  supported  laboratory 
findings,  but  also  indicated  that  longshore  currents  are  likely  to  have  equal  or  greater  effects  on  the 
DRDEAD  system  and  must  be  considered  in  the  final  design....  Array  embedment,  Explosive  array. 
Landing  craft,  air  cushion  Buoys,  Explosive  array  deployment.  Longshore  currents  Coastal  Engineering, 
Fall  speed.  Scaled  model  Research  Center,  Field  tests  Shallow  Water  Mine  Countermeasures  DRDEAD, 
IHDIVNAVSURFWARCEN,  Program  Dual-rocket  distributed  Indian  Head  Division  SWMCM  explosive 
array  deployment,  Laboratory  tests  Waterways  Experiment  Station  Duck,  North  Carolina,  LCAC. 
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Fowler,  J.E.  et  al.  Field  Study  on  the  Effects  of  Waves  and  Currents  on  a  Distributed 

Explosive  Array.  Final  rept.  Coastal  Engineering  Research  Center,  Vicksburg,  MS:  Dec 
93.  82p. 

ABSTRACT:  Field  tests  to  assess  the  effects  of  waves  and  currents  were  conducted  during  the  summer  of  1993  at 
CERC's  Field  Research  Facility  (FRF)  in  Duck,  NC.  This  test  series  is  a  follow-on  to  similar  efforts 
accomplished  in  1992  and  was  designed  to  incorporate  lessons  learned  from  those  efforts.  Major 
differences  between  the  1993  tests  and  those  conducted  in  1992  involved  the  use  of  a  wider  array,  a 
compressed  air  gun  to  simulate  the  dual-rocket  deployment  technique,  and  shore-based  tethers  to  stabilize 
the  deployed  array.  Results  of  the  1993  field  tests  generally  supported  1992  findings,  which  indicated  that 
both  waves  and  longshore  currents  have  significant  effects  on  the  explosive  array  deployment  system  and 
must  be  considered  in  the  final  design.  The  tests  also  indicated  that  wide  arrays  used  in  conjunction  with 
the  tethers  proved  to  be  quite  stable  under  the  environmental  conditions  tested.  ACCESSION 
NUMBER:  ADA275478 
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Fowler,  R.W.  Mine  Countermeasures  at  the  Operational  Level  of  War.  Final  rept.  Naval 
War  Coll.,  Newport,  RI.  Dept,  of  Operations:  12  Nov  93.  32p. 

ABSTRACT:  This  paper  examines  the  complex  problems  and  difficulties  facing  an  operational  commander  when 
conducting  operations  in  a  mine  threat  environment.  A  discussion  of  mine  warfare  history,  operational 
considerations,  and  today’s  mine  countermeasure  assets  as  well  as  a  hypothetical  situation  that  a 
commander  may  actually  be  faced  with  in  today’s  global  crisis-oriented  climate  is  considered.  The  ability 
of  the  U.S.  Navy  to  accomplish  its  primary  strategic  goal  of  Power  Projection  in  a  mine-threat  environment 
is  extremely  difficult  and  limited.  The  panacea  for  present  day  MCM  operations  is  recognition  of  the  threat, 
knowledge  of  own  capabilities,  fleet  training,  and frugal  management  of  MCM  assets. 

ACCESSION  NUMBER:  ADA265300 

Gallagher,  D.I.  Sea  Lane  Defense:  Japanese  Capabilities  and  Imperatives.  Master's  thesis. 
Naval  Postgraduate  School,  Monterey,  CA.:  Dec  87.  160p. 

ABSTRACT:  Japan  has  significant  capabilities  to  protect  its  sealanes  out  to  1000  nautical  miles  to  the  south  of  its 
main  ports.  By  concentrating  military  expenditures  on  forces  to  improve  air  defense,  strait  control,  and 
convoy  operations,  Japan  could  have  a  credible  defense,  even  in  the  worst  possibility:  global  war  and  a 
Soviet  attack.  The  Japanese  should  concentrate  on  improving  the  air  defense  of  Japan  and  the  ocean 
between  Iwo  Jima  and  Okinawa,  increasing  their  stockpile  of  mines  and  their  mine  warfare  forces,  and 
increasing  the  numbers  of  their  long-range  maritime  patrol  aircraft  and  surface  escort  ships.  These 
improvements  all  maintain  the  defensive  nature  of  Japanese  forces  and  are  attainable  within  the  next 
decade. 

ACCESSION  NUMBER:  ADA189173 

Gambiez,  G.  Should  We  Fear  Mine  Warfare.  Study  project.  Army  War  Coll.,  Carlisle 
Barracks,  PA.:  30  Mar  89.  44p. 

ABSTRACT:  Mines  are  weapons.  Thanks  to  the  improvements  allowed  by  electronics  they  become  more  and  more 
efficient  and  cost  effective.  On  land  as  well  as  at  sea,  they  would  be  widely  used  at  theater  level  by  all 
belligerents  in  all  types  of  conflicts.  Unfortunately  improvements  in  mine  countermeasures  are  more 
difficult  to  realize  and  to  use  on  the  field.  The  nations  of  the  free  world  should  increase  their  efforts  in  the 
domain  of  those  countermeasure  systems,  or  they  risk  being  the  first  victims  of  the  increasing  advances  in 
mines  and  mine  delivery  systems.  The  problem  is  as  difficult  as  urgent. 

ACCESSION  NUMBER:  ADA209180 

Game,  C.V.  Defensive  Minefield  Planning.  Master's  thesis.  Naval  Postgraduate  School, 
Monterey,  CA.:  Jun  89.  79p. 

ABSTRACT:  This  thesis  is  concerned  with  the  problem  of  constructing  an  optimal  minefield  for  inflicting  casualties 
to  a  naval  force  attempting  to  penetrate  the  field.  A  microcomputer  based  simulation  program  dealing  with 
this  problem  is  presented  and  permits  the  user  to  select  various  mine  characteristics  (charge  weight,  depth, 
sensitivity),  number  of  mines,  number  of  transitting  ships  and  navigational  error. 
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Garrigan,  R. J.  Cost  Analysis  of  MH-53E  Avionics  Maintenance  Support  Alternatives  for 
Remote  Deployment.  Master's  thesis.  Naval  Postgraduate  School,  Monterey,  CA.:  Sep 
87.  64p. 

ABSTRACT:  The  United  States  Navy  is  in  the  process  of  considering  the  use  of  Mobile  Maintenance  Facilities  to 
provide  an  intermediate  level  maintenance  capability  to  MH-53E  helicopter  minesweeping  and  mine 
countermeasure  squadrons  of  four  and  seven  aircraft  while  on  deployment  to  remote  locations.  This  thesis 
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considers  two  alternatives:  (I)  no  intermediate  maintenance  capability  and,  (2)  full  capability.  Because  of 
limited  data  only  the  repair  of  avionics  components  are  considered.  The  alternative  corresponding  to  no 
maintenance  capability  provides  the  increased  inventory  required  to  meet  expected  failures.  The  second 
alternative  involves  all  of  the  elements  of  intermediate  maintenance  at  a  remote  site  as  well  needed  supply 
support.  Present  value  analyses  of  the  life  cycle  costs  are  utilized  to  determine  the  least  cost  alternative. 

The  results  suggest  that  intermediate  maintenance  activities  are  the  least  cost  alternative  for  avionics 
support  for  a  seven-aircraft  detachment  and  the  most  costly  alternative  for  the  four-aircraft  detachment. 

ACCESSION  NUMBER:  ADAl  86220 

Gellert,  E.P.  et  al.  Use  of  Composites  in  Naval  Structures.  Materials  Research  Labs.,  Ascot 
Vale  (Australia);  1992.  20p. 

ABSTRACT:  Composite  materials  in  the  form  of  glass-fiber  reinforced  plastic  (GRP)  and  GRP /foam  sandwich  are 
being  increasingly  applied  to  naval  vessel  construction.  Candidate  materials  will  respond  differently  to 
elevated  temperatures,  moist  environments  and fires.  Some  of  the  effects  are  described  here.  The  bolted 
jointing  of  GRP  to  steel  has  been  assessed. 
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Glaz,  J.  Statistical  Methods  for  Minefield  Detection.  Interim  rept.  Connecticut  Univ.,  Storrs. 
Dept,  of  Statistics:  24  May  94.  12p. 

ABSTRACT:  The  Navy  and  the  Marine  Corps  have  been  continually  concerned  about  the  antivehicle  and  antiship 
mines.  The  development  of  effective  minefield  detection  procedures  are  of  great  importance  as  they  will 
enhance  the  ability  of  the  Navy  and  Marine  Corps  to  perform  their  tasks.  One  approach  that  has  been 
recently  studied  by  the  scientists  of  the  Navy  is  the  use  of  tests  of  randomness.  In  that  study  they  express  the 
need  to  develop  detection  methods  that  are  based  on  two-dimensional  processes  that  incorporate  the 
dependence  structure  of  the  nearby  observations.  In  this  interim  performance  report  four  research  projects 
related  to  this  problem  are  discussed.  The  two-dimensional  scan  statistic,  discussed  in  the  last  project,  has 
the  potential  to  be  very  useful  in  the  minefield  detection  problem. 
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Gluth,  J.V.  Is  the  Navy's  Mine  Warfare  Posture  Bankrupt.  Final  rept.  Naval  War  Coll., 
Newport,  RI.  Dept,  of  Operations.:  Jun  91.  33p. 

ABSTRACT:  This  paper  addresses  the  Navy’ posture  on  mine  warfare  (MIW).  The  purpose  is  to  examine  the 

perception  that  the  Navy's  MIW  capabilities  are  inadequate  and  that  appropriate  corrective  actions  are  not 
being  taken.  Despite  MIW's  lack  of  strong  congressional  sponsorship  enjoyed  by  other  warfare  specialties, 
the  Navy  has  developed  a  highly  capable  and  responsive  force  of  mine  countermeasures  (MCM) 
helicopters  and  ocean-going  vessels,  as  well  as  the  capability  of  providing  limited  MCM  through  the  Craft 
of  Opportunity  Program  (COOP).  Even  though  a  high  proportion  of  MCM  capability  resides  in  the  Naval 
Reserve  Force,  the  channel  survey  and  conditioning  function  they  perform  contributes  directly  to  the 
readiness  posture  of  the  active  Navy.  The  Navy's  MIW  posture  is  not  bankrupt,  but  is  vital  and  forward 
looking.  Recommendations  provided  include  expanding  the  COOP,  protecting  the  Reserve  MCM  role,  and 
institutionalizing  the  benefit  of  MIW  experience  among  the  officer  corps. 

ACCESSION  NUMBER:  ADA236976 

Gould,  J.W.  German  Navy  Moored  Minesweeping.  Technical  rept.  Naval  Technical  Mission 
in  Europe:  Oct  45.  73p. 

ABSTRACT:  This  report  discusses  the  gear  devloped  by  the  German  Navy  for  moored  mineswepting.  This  gear  was 
limited  in  size  by  the  policy  of  handling  all  gear  by  hand.  The  material  for  this  report  was  obtained  from 
the  Germen  Naval  Experimental  Mine  Warfare  Command  (SVK)  located  in  Kiel. 
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Green,  D.M.  Monitoring  Technology  Proliferation:  An  Open  Source  Methodology  For 
Generating  Proliferation  Intelligence.  Master's  thesis.  Naval  Postgraduate  School, 
Monterey,  CA:  Dec  93.  108p. 

ABSTRACT:  This  thesis  develops  a  methodology  to  monitor  technology  proliferation.  It  is  designed  to  provide 
proliferation  intelligence  on  specific  threat  technologies  and  can  be  used  to  augment  export  controls  or 
enhance  counter  proliferation  initiatives.  A  high-tech  component  used  to  upgrade  underwater  mines  is  the 
subject  of  the  case  study  developed  in  this  thesis.  This  technology  monitoring  method  exploits  the 
exponentially  expanding  volume  of  open  source  information  occurring  as  a  result  of  the  information 
revolution. 
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Greer,  W.L.  and  J.C.  Bartholomew.  Psychological  Aspects  of  Mine  Warfare.  Center  for  Naval 
Analyses,  Alexandria,  VA.  Naval  Studies  Group.:  Oct  82.  24p. 

ABSTRACT:  This  paper  examines  historical  and physicological  data  concerning  mine  warfare.  It  then  goes  beyond 
those  observations  to  consider  how  the  phychological  warhead  in  minefields  can  be  exploited. 
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Holden,  K.T.  Mine  Countermeasures:  What  the  Operational  Commander  Must  Know. 

Final  rept.  Naval  War  Coll.,  Newport,  RI.  Dept,  of  Operations:  8  Feb  94.  35p. 

ABSTRACT:  A  great  deal  has  been  written  concerning  the  need  for  more  and  improved  mine  countermeasures 

equipment.  What  seems  lacking  is  adequate  focus  at  the  operational  level  regarding  how  to  effectively  and 
efficiently  employ  existing  systems  in  support  of  current  and future  operations.  In  many  situations,  to 
achieve  a  military  objective,  it  is  essential  the  operational  commander  know  the  existing  or  potential  mine 
threat,  understand  current  mine  countermeasure  capabilities,  determine  the  available  courses  of  action, 
and  select  the  course  of  action  that  will  provide  the  highest  probability  of  success  in  support  of  an  assigned 
mission.  This  paper  is  intended  to  emphasize  the  importance  of  mine  countermeasures  to  the  operational 
commander.  It  draws  upon  the  lessons  of  history  to  show  that  mine  warfare  has  had  a  significant  impact  on 
naval  and joint  operations,  while  the  paper  addresses  some  technical  and  tactical  aspects  of  mine 
countermeasures,  the  primary  focus  is  on  the  operational  considerations  and  options  available  to  the 
operational  commander. 
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Hong,  Y.S.  Improved  Prediction  of  Drift  Forces  and  Moment.  Final  rept.  David  W.  Taylor 
Naval  Ship  Research  and  Development  Center,  Bethesda,  MD.:  Sep  83.  43p. 

ABSTRACT:  A  three-dimensional  method  is  developed  to  improve  the  computation  of  the  drift  force  and  moment 
for  small-waterplane-area,  twin-hull  (SWATH)  and  surface  ships  in  oblique  waves  with  zero  forward 
speed.  Numerical  results  have  been  computed  for  three  ships:  SWATH  6 A,  Stretched  SSP,  and  MCM 
experiment.  For  MCM  5371,  the  results  of  two-  and  three-  dimensional  methods  are  almost  identical  to 
each  other  and  these  results  show  good  agreement  with  experiment  when  the  wavelength  ratio  is  not  too 
small.  Even  though  there  are  no  test  data  available  for  SWATH  6 A,  the  application  of  three  dimensional 
theory  is  likely  to  improve  the  results  of  drift  force  and  moment  for  SWATH  ships. 
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Hurley,  WJ.  et  al.  General  Approach  to  Investing  in  the  New  Modeling  and  Simulation 
Tools  With  A  Case  Study:  Naval  Mine  Countermeasures  Programs.  Institute  for 
Defense  Analyses,  Alexandria,  VA:  Jul  95.  21 8p, 

ABSTRACT:  Recent  advances  in  computing,  networking  and  visualization  have  led  to  dramatic  improvements  in 
modeling  and  simulation  (MS)  capabilities.  The  key  issue  for  DoD  is  how  to  successfully  convert  these 
impressive  technical  developments  into  useful  tools  for  addressing  DoD's  needs.  This  study  proposes  a 
general  framework  for  deciding  how  to  invest  in  the  new  MS  tools.  The  framework  begins  with  an 
articulation  of  a  key  need  facing  the  decision  maker.  It  then  addresses  the  potential  roles  for  MS  in  meeting 
that  need,  the  implied  characteristics  of  the  MS  tools,  their  costs,  value  added,  risks,  funding,  and 
management.  It  then  repeats  this  process  for  a  range  of  needs  facing  the  decision  maker,  and,  by  looking 
for  common  elements  and  setting  priorities,  seeks  to  integrate  the  results  across  all  of  the  needs  into  a 
single  MS  plan.  As  a  case  study,  this  process  is  applied  to  the  area  of  naval  mine  countermeasures  (MCM). 
No  detailed  road  map  for  MS  investment  is  given,  but  the  issues  that  arise  are  described  along  with  some 
methods  that  may  be  used  to  resolve  them.  A  strawman  approach  to  MCM  MS  investments  is  presented. 

This  is  a  'fleet  firsT  approach  which  focuses  initially  on  training,  tactical  development  and  mission 
rehearsal  with  later  applications  to  acquisition  once  acceptance  of  the  MS  tools,  and  confidence  in  them, 
have  been  established.  The  general  framework  described  should  be  applicable  to  any  area  where  the 
benefits  and  costs  of  the  new  MS  tools  are  under  consideration. 
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Ingold,  B.W.  Key  Feature  Identification  from  Image  Profile  Segments  Using  a  High 

Frequency  Sonar,  Master's  thesis.  Naval  Postgraduate  School,  Monterey,  CA;  Dec  92. 
67p. 

ABSTRACT:  Many  avenues  have  been  explored  to  allow  recognition  of  underwater  objects  by  a  sensing  system  on 
an  Autonomous  Underwater  Vehicle  (A  UV).  In  particular,  this  research  analyzes  the  precision  with  which 
a  Tritech  STIOOO  high  resolution  imaging  sonar  system  allows  the  extraction  of  linear  features  from  its 
perceived  environment.  The  linear  extraction  algorithm,  as  well  as  acceptance  criteria  for  individual  sonar 
returns  are  developed.  Test  results  showing  the  actual  sonar  data  and  the  sonar's  perceived  environment 
are  presented.  Additionally,  position  of  the  sonar  relative  to  the  perceived  image  is  determined  based  on 
the  identification  of  key  points  in  the  scene....  Autonomous  Underwater  Vehicle  (A  UV). 
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Integrated  Logistics  Support  Management  Plan  for  the  Remote  Minehunting  System 
(RMS).  Naval  Sea  Systems  Command,  Washington,  DC:  Sep  91.  35p. 

ABSTRACT:  Provide  a  management  plan  for  ensuring  that  support  elements,  for  the  Remote  Minehunting  System 
(RMS)  are  available  for  delivery  upon  turn-over  of  the  of  the  RMS  from  CSS  to  the  Fleet. 

ACCESSION  NUMBER:  ADA255806 

Jappinga,  E.M.  and  D.L.  Patel.  Technical  Transfer  Report  on  a  TNT  Enzyluminescent 

Vapor  Detection  System.  Final  technical  rept.  Army  Belvoir  Research  Development  and 
Engineering  Center,  Fort  Belvoir,  VA:  Feb  91.  104p. 

ABSTRACT:  This  report  describes  the  historical  breadboard  effort  with  enzyluminescent  2,4,6-trinitrotoluene 

(TNT)  vapor  detection  system.  The  system  comprises  a  sample  train,  vapor  generator,  and  luminescence 
detector  using  a  TNT  reductase  enzyme.  This  breadboard  system  is  the  culmination  of  a  long-term  effort 
evolving  from  several  programs  that  examined  the  TNT  enzyluminescent  and  bioluminescent  response  of 
marine  bacteria,  antibodies,  and  enzymes  under  BRDEC  auspices.  This  program  was  suspended  by 
BRDEC  because  its  slow  reaction  time  (total  more  than  22-minutes  sampling  and  detection  time  with  a 
0.25  part  per  trillion  (ppt)  TNT-in-air  lower  detection  limit)  and  therefore  cannot  be  used  for  mine 
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detectors.  This  report  discusses  an  engineering  design  analysis  that  was  performed  for  a  new  configuration 
of  an  enzy  luminescent  TNT  vapor  detection  system  that  utilizes  on  integrated  sample-reactor  module  to 
provide  an  estimated  TNT  rate-of-response  of  less  than  60  seconds  and  a  0.0025  ppt  minimum  detectable 
concentration.  This  improvement  can  be  of  significant  value  in  noncountermine  applications.  The  most 
feasible  and  adaptable  current  application  for  the  conceptual  system  is  that  of  enclosure  monitoring 
(building,  room,  etc.)  for  the  presence  of  TNT  vapors.  The  report  describes  system  operation  and  use  is 
examined  in  these  applications. 

ACCESSION  NUMBER:  ADA233444 

Jasper,  N.H.  Ship  Signature  Modifier.  Patent.  Department  of  the  Navy,  Washington,  DC:  Filed 
27  Nov  68,  patented  21  Sep  93.  6p. 

ABSTRACT:  A  unique  system  of  disposition-controlled,  water-filled,  fabric  bags  is  suspended  from  and  and  towed 
beneath  a  ship  to  effect  the  modification  of  the  inherent  water  pressure  signature  thereof  and  thus  prevent 
detonation  of  a  marine  mine  programmed  to  be  exploded  thereby. 

PATENT:  5,245,928 

Kern,  G.E.  Mine  Neutralization  System.  Patent.  Department  of  the  Navy,  Washington,  DC.: 
Filed  22  Mar  67,  patented  4  Dec  90.  7p. 

ABSTRACT:  This  patent  discloses  a  mine  neutralization  system  having  self-propelled  explosive  charges  fired  at 
submarine  mines  by  a  mine  detection  and  fire  control  system. 

PATENT:  4,975,888 

Kirkland,  J.L.  Electrical  Cable  Marker.  Patent.  Department  of  the  Navy,  Washington,  DC: 
Filed  13  Feb  75,  patented  20  Nov  90.  7p. 

ABSTRACT:  A  marine  mine  control  wire  tagging  system  is  disclosed  as  including  a  transmitter  and  a  receiver,  a 

mobile  underwater  vehicle  having  a  launcher  mounted  thereon,  a  radio  frequency  signal  tag  loaded  in  said 
launcher,  a  sensor  and  a  fire  control  system  for  launching  said  tag  upon  the  detection  of  said  marine  mine 
control  wire  by  the  aforesaid  sensor.  If  so  desired,  said  transmitter  and  receiver  may  be  mounted  on  a  boat 
which  also  tows  said  underwater  vehicle  to  a  position  in  proximity  with  said  control  wire. 

PATENT:  4,972,388 

_ .  Radio  Frequency  Phase  Sensitive  Wire  Detector.  Patent.  Department  of  the  Navy, 

Washington,  DC:  Filed  20  Apr  73,  patented  28  Sep  93.  7p. 

ABSTRACT:  An  underwater  object  detection  system  and  method  are  described  which  utilize  changing  phase 
relationships  between  radio  waves  received  by  a  moving  underwater  receiver,  via  a  retransmitting 
underwater  object,  and  radio  waves  received  through  air  directly  from  a  transmitter.  The  moving 
underwater  receiver  is  characterized  by  an  envelope  or  encapsulation  of  material  of  different  radio  wave 
propagation  rate  than  that  of  the  water  medium,  so  that  a  markedly  different  phase  change  relation  exists 
M’hen  the  underwater  receiver  is  in  contact  with  the  object. 

PATENT:  5,249,162 

_ .  Regenerative  Radio-Frequency  Wire  Detector.  Patent.  Department  of  the  Navy, 

Washington,  DC:  Filed  7  Jan  72,  patented  14  Sep  93.  8p. 

ABSTRACT:  A  regenerative  radio-frequency  wire  detector  is  disclosed  which  incorporates  a  radio  antenna  and  a 
radio  receiver  connected  thereto.  A  radio  transmitter  is  timely  energized  by  an  output  signal  from  the 
aforesaid  radio  receiver  which,  in  turn,  causes  the  transmitting  of  electromagnetic  energy  within  the 
environment  ambient  to  the  wire  to  be  detected.  A  commercial  radio  station  or  other  source  is  employed  as 
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a  covert  initial  energizer  of  the  wire  to  be  detected.  When  so  energized,  said  wire  re-radiates 
electromagnetic  energy  to  the  receiving  antenna  which  starts  the  regenerative  processing  within  the  system 
loop  constituting  the  radio  receiving  antenna,  the  radio  receiver,  the  radio  transmitter,  the  transmitting 
radio  antenna,  the  wire,  and  the  environmental  medium  or  mediums  within  which  it  is  disposed.  Due  to  the 
amplification  effected  by  the  aforesaid  regeneration  process,  the  detection  of  marine  mine  command  wires, 
for  example,  is  facilitated. 

PATENT:  5,245,588 

Kish,  L.A.  Acoustic  Mine  Countermeasures.  Patent.  Department  of  the  Navy,  Washington, 

DC.  Filed  9  Dec  63,  patented  13  Nov  90.  7p. 

ABSTRACT:  This  patent  discloses  a  mine  sweeping  method  and  related  apparatus  for  achieving  at  least  temporary 
passivation  of  underwater  acoustic  influence  mines  by  the  generation  of  particular  underwater  sounds  of 
progressively  increasing  intensity.  The  water  is  acoustically  pulsed  by  repetitively  injecting  into  the  water 
individual  metered  slugs  of  heated  water,  which  water  is  heated  to  its  saturation  pressure  but  below  the 
critical  point.  The  metered  slugs  of  heated  water  may  be  of  the  same  or  of progressively  increasing  size,  i.e. 
weight,  andean  be  released  from  a  heated  pressure  chamber  into  the  water  from  either  a  stationary  array 
or  from  an  array  towed  from  a  moving  ship,  and  at  a  depth  such  that  the  expanding  bubbles,  produced  by 
the  change  of  state  of  the  heated  water,  do  not  break  the  water  surface.  The  rapid  expansion  of  the  metered 
slugs  produce  the  desired  sound  output  for  temporarily  rendering  the  acoustic  influence  mines  passive 
actuating  their  anti-countermine  circuits. 

PATENT:  4,969,399 

Kleijnen,  J.P.C.  and  G.A.  Alink.  Validation  of  Simulation  Models:  Mine-Hunting 

Case-Study.  Research  memo.  Tilburg  Univ.  (Netherlands).  Dept,  of  Economics:  Feb  92. 
38p. 

ABSTRACT:  Stringent  validation  requires  that  simulation  and  real-life  responses  have  the  same  mean.  The 

responses,  however,  may  show  not  only  sampling  error  but  also  measurement  error.  Moreover,  simulated 
and  real  responses  are  not  comparable  f  they  are  obtained  under  different  environmental  conditions  or 
scenarios.  Modules  within  the  simulation  model  should  be  submitted  to  sensitivity  analyses  based  on 
experimental  design  theory  and  regression  analysis.  A  weaker  validation  procedure  tests  whether  the 
estimated  simulation  and  real  responses  are  positively  correlated  (they  do  not  necessarily  have  a  common 
mean).  These  issues  are  illustrated  through  a  study  on  mine  hunting  at  sea  by  means  of  a  sonar. 

ACCESSION  NUMBER:  PB9220891 

Krauss,  H.J.  From  the  Sea  in  1950:  Lessons  for  the  21st  Century  From  Operation 

Chromite.  Final  rept.  Naval  War  Coll.,  Newport,  RI.  Dept,  of  Operations:  22  Feb  93. 

35p. 

ABSTRACT:  The  Navy  and  Marine  Corps'  combined  vision  for  the  2 1st  Century  is  articulated  in  the  joint  White 

Paper _ From  the  Sea.  The  focus  is  designed  to  provide  a  direction  for  the  Naval  Expeditionary  Forces 

to  proceed  in  shaping  its  forces  in  support  of  the  National  Security  Strategy.  The  new  direction  is  to  be 
shaped  for  joint  operations  and  structured  to  build  power  from  the  sea,  operating  forward  in  the  littoral 
regions  of  the  world.  The  purpose  of  this  paper  is  to  conduct  a  historical  study  of  the  United  States  last 
major  amphibious  operation,  with  joint/combined  force  during  a  major  regional  conflict.  Current  national 
demobilization  trends  mirror  the  strategic  culture  of  the  late  1940s.  The  study  of  Operation  Chromite.  The 
Inchon-Seoul  Campaign  of  1950.  revealed  a  nation  ill  prepared  to  respond  to  a  major  regional  conflict  due 
to  a  precipitous  demobilization.  The  operational  art  employed  by  General  MacArthur  during  Operation 
Chromite  capitalized  on  synchronized  amphibious  maneuver  and  interdiction  to  attack  North  Korean 
centers  of  gravity.  The  success  of  the  operation  highlighted  the  importance  of  understanding  the 
operational  art,  pursuing  specialized  amphibious  training,  and  maintaining  the  capability  of  generating 
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superior  firepower.  The  weaknesses  our  Naval  Seiwice  will  bring  into  the  21st  Century  for  a  littoral  Navy 
are  insufficient  naval  gunfire,  mine  countermeasures,  and  amphibious  lift  resources....  National  Security 
Strategy  and  Amphibious  Operations. 

ACCESSION  NUMBER:  ADA264284 

Kusumoto,  N.J.  Lost  Art  of  Maritime  Mining,  Final  rept.  Naval  War  Coll.,  Newport,  RI.:  13 
Feb  95.  34p. 

ABSTRACT:  Maritime  minefields  have  been  employed  to  achieve  strategic  and  operational  objectives  in  the  five 
major  American  M^ars  of  the  20th  century.  The  United  States  has  been  both  the  miner  and,  most  recently, 
the  victim.  Mining  can  strike  at  the  heart  of  the  enemy,  take  advantage  of  an  Achilles’  heel,  or  compensate 
for  one's  own  weakness.  The  U.S.  Navy  maintains  a  modest  inventory  of  mines  which  can  be  laid  in  volume 
by  Navy  and  Air  Force  aircraft,  or  covertly  by  submarines.  Today's  operational  commander  faces  an 
increasingly  challenging  task:  tackle  a  diverse,  changing  threat  with  fewer  forces  and  resources  without 
alienating  the  American  public.  Minefields  con  be  an  integral  part  of  the  plan  to  achieve  battlespace 
dominance  and  project  power.  Mining  can  seize  the  initiative  through  surprise,  enhance  mass  and 
maneuver  by  achieving  economy  of  force,  and  expand  the  commander's  battlespace  and  timeline  while 
compressing  those  of  the  enemy.  A  minefield  is  a  stealthy,  persistent,  and  economical  weapon  which  can 
deter  without  killing.  Against  a  maritime  foe,  the  operational  commander  shotdd  consider  mining's 
strategic  and  operational  potential  when  planning  a  major  operation. 
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Lawson,  K.R.  and  D.D.  Richardson,  Australian  Mine  Sweeping  Game.  Technical  rept. 
Materials  Research  Labs.,  Ascot  Vale  (Australia):  Feb  94.  34p, 

ABSTRACT:  This  Note  describes  the  Australian  Mine  Sweeping  Game  (AMSG).  The  game  represents 

minesweeping  and  enables  MCM  officers  to  become  more  familiar  with  the  consequences  of  various 
sweeping  tactics.  The  game  is  designed  for  a  single  Player  (or  a  team  of  Players  working  together)  and  an 
Umpire.  The  Umpire  can  lay  a  minefield,  selecting  mines  from  a  list  of five  types.  The  scene  can  be  set  for 
the  Players,  and  their  performance  monitored.  The  Players  appraise  the  situation,  and  then  devise  the 
tactics  for  sweeping  the  minefield.  Hints  are  provided  on  likely  mines  in  the  field.  The  game  will  show  the 
Players  how  effective  the  tactics  they  chose  proved  to  be,  by  showing  a  simulation  of  the  minefield  being 
swept. 

ACCESSION  NUMBER:  ADA279264 

Laxar,  K.  et  al.  Relative  Effectiveness  of  Four  Color  Coding  Techniques  for  Intensity 

Coding  on  Simulated  Advanced  Mine  Detection  System  (AMDS)  Displays.  Interim 
rept.  Naval  Submarine  Medical  Research  Lab.,  Groton,  CT:  10  Sep  93.  17p. 

ABSTRACT:  Four  methods  of  color  coding  the  intensity  levels  of  sonar  returns  on  the  Advanced  Mine  Detection 

System  displays,  currently  under  development,  were  studied  to  determine  how  the  added  use  of  color  could 
enhance  operability.  The  target  detection  and  identification  performance  of  seven  experienced  observers 
was  measured  using  the  following  schemes  for  coding  signal  intensity  into  eight  discrete  steps:  levels  of 
green  (the  original  coding  method),  levels  of  white,  colors  approximating  specifications  supplied  by  the 
Naval  Undersea  Warfare  Center  (NUWC),  and  colors  arranged  according  to  lightness,  from  dark  to  light. 

A  portion  of  a  static  AMDS  display  726  pixels  Mnde  by  323  pixels  high  Mm  simulated  on  a  computer 
controlled  color  display  system.  A  single  target  simulating  six  sonar  pings,  or  histories,  was  six  pixels  wide 
(10.2  arc  min  visual  angle)  by  one  pixel  high,  and  was  present  on  50%  of  the  trials.  It  could  be  located 
anywhere  in  the  background.  Four  target  signal  strengths  were  used.  The  randomized  distributions  of  the 
background  noise  levels  and  the  target  levels  M>ere  specified  by  NUWC  and  considered  to  be  representative 
of  those  expected  at  sea.  Each  observer  ran  on  tM’o  lOO-trial  sessions  of  each  of  the  16  conditions, 
combinations  of  one  of  the  four  target  strengths  and  one  of  the  four  color  coding  schemes.  In  a  signal 
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detection  paradigm,  for  each  trial  the  observer  signalled,  by  keypress,  confidence  in  the  presence  or 
absence  of  a  target  on  a  four-point  scale,  and  indicated  the  location  of  the  target,  when  present,  by  means 
of  a  trackball  cursor.  The  hit  rates  (percentage  of  trials  Decision  making.  Tactical  displays.  Human 
subjects.  Visual  sonar  displays.  Performance. 
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Lessons  of  the  Falklands.  Summary  Rept.  Department  of  the  Navy,  Washington,  DC.:  Feb  83. 
78p. 

ABSTRACT:  Contents:  Air  Operations:  Antiair  Warfare/ Antiship  Missile  Defense:  Antisubmarine  Warfare; 

Antisurface  Warfare;  Amphibious  Warfare;  Command,  Control,  and  Communications;  Electronic  Warfare; 
Intelligence;  Environmental  Conditions;  Logistics/Sustainability;  Mine  Warfare;  Personnel;  Press 
Coverage;  Readiness  and  Mobilization;  Ship  Survivability;  Special  Forces  Operations;  Submarine 
Operations;  Surface  Ship  Operations. 
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Lindgren,  E  D.  Impact  of  Mine  Warfare  upon  U.S.  Naval  Operations  during  the  Civil  War. 

Master's  thesis.  Army  Command  and  General  Staff  Coll.,  Fort  Leavenworth,  KS:  1994. 
119p. 

ABSTRACT:  This  study  investigates  the  impact  of  Confederate  naval  mine  warfare  against  the  operations  of  the 

U.S.  Navy  during  the  Civil  War.  Mine  warfare  was  a  cost  effective  method  for  the  Confederacy  to  defend  its 
long  coastline  and  inland  waterways.  A  wide  variety  of  fixed,  moored,  and  drifting  mines  were  deployed 
and  used  with  effect  at  locations  along  the  Atlantic  coast,  the  Gulf  coast,  and  along  rivers,  including  those 
in  the  Mississippi  basin.  Despite  loss  and  damage  to  thirty-five  Union  naval  vessels,  mine  use  had  virtually 
no  strategic  impact  upon  the  course  of  the  war.  At  the  operational  level,  effects  were  apparent.  Federal 
naval  operations  at  Charleston  and  on  the  Roanoke  River  were  frustrated,  in  large  part  because  of  the 
mine  threat.  The  impact  of  mines  was  great  at  the  tactical  level  These  cost  effective  weapons  caused  delays 
in  Union  operations,  resulted  in  involved  countermine  operations,  and  caused  fear  and  apprehension  in 
crews.  The  lessons  from  the  mine  warfare  experience  of  the  Civil  War  are  still  applicable  in  today's 
warfare  environment.  Naval  mines  are  a  preferred  weapon  of  minor  naval  powers  and  the  U.S.  Navy  will 
be  required  to  deal  with  this  threat  when  operating  in  the  World's  coastal  regions. 
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Lluy,  P.A.  Mine  Warfare:  An  Old  Threat  Presents  New  Challenges  for  NATO’s  Post-Cold 
ar  Navies.  Master's  thesis.  Naval  Postgraduate  School,  Monterey,  CA:  Dec  95.  21  Ip. 

ABSTRACT:  This  thesis  analyzes  the  possible  implications  to  global  maritime  interests  posed  by  the  growing 

international  proliferation  of  advanced  sea  mines,  and  examines  the  role  of  NATO's  mine  countermeasures 
(MCM)  forces  in  countering  this  threat  in  the  post-Cold  War  security  environment.  It  is  argued  that,  given 
the  Iraqi  mining  success  during  the  Gulf  War,  the  current  global  proliferation  of  sophisticated  sea  mines, 
and  deficiencies  in  the  international  laws  which  govern  their  use,  mine  warfare  will  present  a  growing 
threat  to  vulnerable  Western  nations  into  the  next  century.  Consequently,  NATO's  mine  countermeasure 
forces  will  have  a  prominent  role  in  future  Alliance  or  UN-mandated  out-of-area  naval  contingencies, 
ranging  from  counter-terrorism  operations  to  major  regional  conflicts,  and  will  be  called  upon  to  provide 
a  credible  MCM  capability  to  protect  Alliance  and  coalition  naval  forces,  secure  vital  sea  lines  of 
communication  (SLOCs),  and  ensure  unimpeded  maritime  freedom  of  the  seas  prescribed  under 
international  law.  NATO's  capability  to  meet  these  challenges  will  depend  largely  on  its  ability  to  reorient 
its  focus  toward  the  requirements  necessary  to  train  and  maintain  a  first-rate  MCM  rapid  deployment 
force.  As  a  leader  within  NA  TO,  the  United  States  Navy  must  assume  the  lead  in  forging  multinational 
transatlantic  MCM  forces  capable  of  dealing  with  any  global  mining  contingency. 
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Logistics  Support  Analysis  Strategy,  Working  Papers  Remote  Minehunting  System 
(RMS).  Naval  Sea  Systems  Command,  Washington,  DC:  1991.  67p. 

ABSTRACT:  Document  is  an  initial,  tailored  implementation  of  the  LSA  and  LS A  R  requirements  for  the  RMS 
program. 
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Lu,  H.C.  Using  Expert  Systems  in  Mine  Warfare.  Master's  thesis.  Naval  Postgraduate  School, 
Monterey,  CA.:  Jun  91.  90p. 

ABSTRACT:  Historically,  sea  mines  warfare  have  played  an  important  role  in  warfare,  which  a  naval  officer 
cannot  afford  to  neglect.  During  the  recent  mine  campaign  in  the  Middle  East  involving  Iran  an  Iraq, 
commanders  delayed  decisions  on  whether  or  not  to  deploy  mine  countermeasure  (MCM)  forces.  As  a 
result,  damage  occurred  to  ships  in  a  minefield  that  could  have  been  prevented  by  the  speedy  application 
of  MCM.  Before  the  operational  mission  commenced,  there  are  several  uncertain  questions  in  the  mind  of 
the  commander:  Do  the  mine-fields  exist.  Which  country  laid  the  mines.  What  type  of  delivery  platform  laid 
the  mines.  Where  are  the  mines.  What  kind  of  mines  are  they.  Do  we  need  to  deploy  the  MCM  forces. 
Previously,  these  kinds  of  fuzzy  questions  M^ere  very  difficult  to  answer  by  a  tactical  principle.  In  this  thesis, 
the  probabilistic  inference  network  in  the  expert  system  environment  is  used  to  answer  the  above  questions. 
The  probabilistic  inference  network  method  is  supported  by  the  certainty  factors.  Calculations  involving 
quantitative  probabilities  for  answers  to  the  above  questions  could  enable  the  MCM  experts  to  offer 
suggestions  to  the  commander  for  reducing  the  ship's  vulnerability  at  sea  during  wartime. 
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Marolda,  Edward  J.  and  G.W.  Pryce.  A  Select  Bibliography  of  the  United  States  Navy  and 
the  Southeast  Asian  Conflict  1950  -  1975.  Naval  Historical  Center,  Washington,  DC.  : 
Jun  82.  54p. 

ABSTRACT:  General  Titles;  Strategy,  Tactics,  and  Policy;  Air  Operations;  Riverine  Operations;  Coastal  Patrol; 
Amphibious  Warfare;  Naval  Gunfire  Support;  Special  Operations;  Mine  Warfare;  Advisors  and  Military 
Assistance;  Civic  Action;  Maritime  Evacuations;  Military  Construction;  Logistic  Support;  Medical 
Support;  Ships,  Weapons,  and  Material;  Prisoners  of  War;  Tonkin  Gulf  Incident;  Miscellaneous. 
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Martin,  P.  et  al.  Proceedings  of  the  Ship  Control  Systems  Symposium  (5th),  Held  at  U.  S. 
Naval  Academy,  Annapolis,  Maryland  on  October  30  -  November  3, 1978.  Volume  2. 
David  W.  Taylor  Naval  Ship  Research  and  Development  Center,  Annapolis,  MD:  3  Nov 
78.  349p.  [See  also  Volume  3,  AD-A159  083.] 

ABSTRACT:  Partial  contents:  Ship  Handling  Simulator;  Ship  Control  Centre  Training  Facilities  for  the  Royal 
Navy;  Ship  Maneuverability  Transducer  Controlled  by  Mini-Computer  for  Training  Ship  -  Onboard  ship 
handling  simulator;  Modern  Control  Theory  for  Dynamic  Positioning  of  Vessels;  Design  and  Simulation  of 
Navigation  and  Ship  Control  Algorithms  for  a  Minesweeper;  Automatic  and  Manual  Control  of  the 
Tripartite'  Minehunter  in  the  Hover  and  Track  Keeping  Modes  -  a  Preliminary  design;  Reversing 
Dynamics  of  a  Gas  Turbine  Ship  with  Controllable-Pitch  Propeller;  Transient  Behavior  of 
Gasturbo-electric  and  Fixed  Pitch  Propeller;  Gas-Turbine  Simulation  Techniques  for  Ship  Propulsion 
Dynamics  and  Control  Studies;  New  Ship  Technical  Control  Systems  for  the  Royal  Norwegian  Navy; 
Development  of  a  Machinery  Control  and  Surveillance  System  for  a  Mine  Countermeasures  Vessel; 
Developments  in  Marine  Gas  Turbine  Condition  Monitoring  Systems;  Optimal  Control  of  Hydrofoil  Ship 
Lateral  Dynamics;  Future  Propulsion  Control  System  Functional  Requirements;  and  High  Power 
Superconducting  Ship  Propulsion  System  -  Its  control  functions  and  possible  control  schemes. 
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MAS  Bulletin.  Soundtrak  ASW  Target  Simulator.  Military  applications  summary 
bulletin.  Office  of  Naval  Research  European  Office:  8  Mar  89.  Ip. 

ABSTRACT:  Thorn  EMI  Electronics  LTD,  a  Ilk  company,  has  developed  an  ASW  target  simulator  called 

'Soundtrak'  which  is  a  towed  low-frequency  sound  source  capable  of  providing  a  realistic  acoustic  target 
for  training  the  crews  of  submarines  and  surface  ships  equipped  with  towed  arrays  and  aircraft  fitted  with 
sonobuoys.  Soundtrak  can  also  be  used  as  cm  effective  deceptive  acoustic  countermeasure.  Given  a  suitable 
winch  and  towed-body  handlingfacilities,  Soundtrak  can  be  deployed  from  any  vessel.  Soundtrak  provides 
the  following:  A  realistic  acoustic  signature  for  operators  and  command  teams,  thereby  reducing  the  need 
for  deployment  of  both  ships  and  submarines  in  an  exercise  role;  Simplified  performance  assessment  of 
noise  ranges  and  all  types  of  passive  sonar  including  towed  arrays  and  bow,  flank,  intercept,  and  sonobuoy 
systems;  Improved  training  in  antisubmarine  warfare  techniques  for  surface  ships,  submarines,  fixed-wing 
aircraft,  and  helicopters;  Acoustic  and  mine  countermeasure  capabilities;  and  A  low-frequency  sound 
source  for  scientific  and  experimental  purposes. 
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Mason,  R.I.  Harbor  Approach-Defense  Embedded  System.  Patent.  Department  of  the  Navy, 
Washington,  DC.  Filed  27  Jun  91,  patented  1 1  Aug  92.  lOp. 

ABSTRACT:  Acoustically  mapping  (fingerprinting)  the  main  channel,  or  'Q' routes,  of  a  harbor,  over  relatively 

long  time  periods  by  using  transducers  anchored  near  the  harbor  or  Q  route  floor.  Sonar  pulse  returns  are 
processed  so  that  echoes  from  acoustic  targets  are  constantly  monitored  and  integrated  over  long  periods 
of  time.  The  integrated  sonar  data  are  used  to  establish  a  characteristic  bottom-image  map  for  the 
presence  and  location  of  permanent  objects  such  as  debris,  underwater  formations  and  the  like.  The  long 
term,  integrated  record  is  obtained  to  establish  a  reliable  acoustic  fingerprint  or  reference  mapping  of  the 
bottom.  This  acoustical  record  or  map,  which  is  quite  stable  over  long  periods  of  time,  is  used  to  compare 
newly  detected  acoustic  variances  from  the  established  map.  A  combination  of  active  and  passive  acoustic 
sensors  that  are  installed  at  fixed  positions  submerged  in  the  channel  permit  the  determination  of  both 
range  and  bearing  when  an  intruding  object  has  been  detected. 
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McFee,  J.E.  and  Y.  Das.  Advances  in  the  Location  and  Identification  of  Hidden  Explosive 
Munitions.  Defence  Research  Establishment  Suffield,  Ralston  (Alberta):  Feb  91.  96p. 

ABSTRACT:  No  abstract  available. 
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McIntyre,  T.A.  Ultrasonic  Acoustic  Characteristics  of  Air  Bubbles  in  the  Surf  Zone. 

Master's  thesis.  Naval  Postgraduate  School,  Monterey,  CA:  Sep  95.  1 19p. 

ABSTRACT:  Understanding  the  movement  of  sediment  in  the  nearshore  region  due  to  wave  motion  and  longshore 
currents  is  important  in  beach  erosion  studies,  and  has  tactical  significance  in  beach  front  mine  warfare. 
Using  ultrasonic  acoustic  backscatter,  the  Coherent  Acoustic  Sediment  Flux  Probe  (CASP)  is  capable  of 
tracking  the  movement  ofscatterers  within  the  surf  zone.  Laboratory  experiments  were  run  to  determine  the 
ultrasonic  acoustic  backscatter  characteristics  of  surf zone  bubbles.  Bulk  void  fraction  and  optical  sizing 
methods  were  explored  to  develop  a  means  of  measuring  bubble  populations  produced  in  the  laboratory 
for  calibration  of  the  backscattered  energy  received  by  the  CASP  system  in  the  presence  of  bubbles. 
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McKinney,  C.  Isiteraational  Symponwm  cmt-  MMe  Vessels  and  Systems  Held  at 

London,  England  on  1245  Jnne  1984.  Conference  rcpt.  Office  of  Naval  Research, 
London  (England):  19  Jul  84.  15p. 

ABSTRACT:  The  International  Symposium  on  Mine  Warfare  Vessels  and  Systems  was  held  in  London  from  12 

through  1 5  June  1984.  This  report  discusses  presentations  on  platforms  and  propulsion  equipment  for  mine 
countermeasures  systems,  and  minehunting  systems  and  components. 
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McShane,  S.L.  Where  Are  My  Submarines.  Final  rept.  Nava!  War  Coll..  Newport,  RI:  13  Feb 
95.  24p. 

ABSTRACT:  The  unique  operational  capabilities  and  employment  advantages  inherent  to  the  U.S.  attack 

submarine  force  provide  a  cost  effective  and  highly  powerful  platform  to  the  Unified  Commanders  for 
shaping  their  respective  theaters  across  the  entire  range  of  military  operations.  Attack  submarines  (SSNs) 
offer  considerable  operational  flexibility  and  firepower  while  fulfilling  many  roles  including  forw^ard 
presence,  indication  and  warning,  anti-submarine,  anti-surface,  strike,  mine  laying,  mine  countermeasure 
and  special  forces  insertion.  Preemptive  conventional  strike  capability  is  considerably  more  credible  in  an 
environment  where  the  threat  of  nuclear  weapon  employment  has  diminished.  Therefore,  the  SSN's 
formidable  conventional  strike  capability  presents  a  powerful  force  to  be  reckoned  with  by  any  potential 
adversary.  Moreover,  the  SSN's  stealth,  mobility,  endurance  and  readiness  enhance  its  offensive  potential, 
making  the  SSN  uniquely  the  platform  of  choice  in  most  forward  deployed  scenarios.  During  the  Cold  War 
our  senior  military  leaders,  wJen  confronted  M’ith  a  regional  crisis,  would  ask  where  their  carriers  were...  I 
would  argue  that  in  today's  post  Cold  War  era,  they  should  he  askin<3^  where  their  submarines  are 
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Me  White,  Peter  B  and  H.  Donald  Ratliff.  Defending  a  Logistics  System  Under  Mining 
Attack.  Center  for  Naval  Analyses,  Arlington,  VA:  Aug  1976.  35p. 

ABSTRACT:  A  fundamental  problem  in  mine  warfare  defense  is  to  deploy  mine  countermeasure  resources  and  to 
route  supplies  so  that  shipping  losses  are  minimized.  The  shipping  losses  at  a  port  are  a  function  of  the 
mining  attack,  the  quanity  and  duration  of  countermeasure  efforts,  and  the  amount  shipped  from  the  port. 
Models  and  solution  algorithms  are  developed  in  this  paper  to  optimally  apportion  scarce  countermeasure 
resources  when  the  quanity  of  supplies  shipped  out  of  each  port  is  not  subject  to  control  and  for  the  case 
when  one  can  control  both  flow  routing  and  countermeasures  deployment.  When  the  shipping  schedule  is 
fixed,  the  models  are  special  cases  of  mimimum  cost  network  flow  problems.  For  the  more  general 
problem,  an  enumeration  algorithm  is  developed  and  computational  results  presented. 
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Naval  Surface  Warfare  Center  Dahlgren  Division,  Technical  Digest,  Ship  Defense 

Technology.  September  1994.  Naval  Surface  Warfare  Center,  Dahlgren,  VA.  Dahlgren 
Div.:  Sep  94.  155p. 

ABSTRACT:  CONTENTS  -  Guest  Editor's  Introduction:  Towards  A  Proactive  Surface  Force-The  Role  of  Ship 
Defense  in  the  21st  Century;  Short-Range  Antiair  Warfare  Missile  Systems  Engineering:  Integrated 
Interior  Communications  and  Control-Engineering  Validation  of  a  Total  Ship  Architecture;  Tactical 
Ballistic  Missiles  Trajectory  State  and  Error  Covariance  Propagation;  Superconducting  Magnetic  Sensors 
for  Mine  Countermeasures;  Managing  the  Dynamics  of  the  Electromagnetic  Environment  to  Maximize 
Combat  System  Performance  Electronic  Warfare  in  Ship  Defense  Signal  Simulators  Used  in  Deception 
Nonlinear  Least-Squares  Estimation  in  Naval  Gun  Fire  Control  Robust  Flight  Control  for 
Surface-Launched  Tactical  Missiles  Water  Barrier  Ship  Self-Defense  Concept. 
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NAVY-21  UPDATE:  Implications  of  Advancing  Technology  for  Naval  Operations  in  the 
Twenty-First  Century.  National  Research  Council,  Washington,  DC:  1993.  70p. 

ABSTRACT:  In  the  summer  of  1988,  the  National  Research  Council  issued  the  Naval  Studies  Board's  report 

Implications  of  Advancing  Technology  for  Naval  Operations  in  the  Twenty-First  Century,  known  as  Navy 
21  (National  Academy  Press,  Washington,  D.C.).  The  study  had  been  carried  out  over  the  previous  18 
months,  at  the  V.S.  Navy's  request.  In  the  terms  of  reference  for  that  study,  the  Chief  of  Naval  Operations 
(CNO)  asked  how  future  technological  trends  might  change  Navy  force  structure,  what  the  impact  of  those 
changes  on  U.S.  maritime  strategy  might  he,  and  how  the  Soviet  Union  might  respond.  The  study  involved 
188  civilian  experts  and  22  Navy  and  Marine  Corps  liaison  officers.  It  was  informally  agreed  when  the 
study  was  completed  that  it  represented  a  broad  and  solid  base  from  which  to  continue  to  examine  the 
Navy's  future  problems,  and  that  it  would  be  useful  to  reexamine  the  position  of  the  Navy  and  the  country 
every  5  to  10  years,  to  see  what  trends  had  been  reinforced,  what  trends  had  changed,  and  how  the 
differences  would  affect  the  Navy  from  then  on.  The  purpose  of  this  report  is  to  revisit  the  1988  Navy-21 
forecast  of  Navy  trends  and  technological  opportunities  in  light  of  world  events  in  the  5-year  period from 
1988  to  1993.  A  few  major  themes  emerged  from  this  update  of  the  1988  Navy~2l  report,  as  indicated:  (1) 
Orienting  to  a  New  Environment;  (2)  The  Information  War  Is  Crucial:  Intelligence,  Combat  Information 
Network,  Battle  Management;  (3)  Air  and  Surface  Forces:  A  New  Balance-Precision  Strike,  Focused 
Defense;  (4)  Amphibious  Forces:  Enhanced  Force  Projection  Ashore;  Countermine  Critical;  (5)  Undersea 
Forces:  Other  Than  Strategic  Forces,  Shore  Oriented:  and  (6)  New  Approaches  to  Managing  Technology 
and  People  Issues  for  Urgent  Navy  Attention. 
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Neto,  R.  and  J.  Augusto.  Mine  Search  Algorithm  for  the  Naval  Postgraduate  School 
Autonomous  Underwater  Vehicle.  Master's  thesis.  Naval  Postgraduate  School, 
Monterey,  CA:  Dec  94.  102p. 

ABSTRACT:  This  thesis  develops,  implements  and  tests  a  mine  search  algorithm  for  the  Naval  Postgraduate 
School  Autonomous  Underwater  Vehicle  (Phoenix).  The  vehicle  is  72  inches  long  and  displaces  400 
pounds.  Its  maneuvers  are  performed  using  two  propellers  and  four  thrustem.  It  contains  two  embedded 
computer  systems.  The  algorithm  directs  the  autonomous  search  of  a  specified  area  mapping  all  obstacles 
and  computing  an  estimate  of  the  cumulative  probability  of  detection.  The  algorithm  uses  no  prior 
knowledge  of  the  terrain  or  the  location  of  mines.  The  algorithm,  which  is  written  in  Lisp,  can  execute  on 
the  vehicle's  computer  systems.  Along  with  the  search  and  mapping  capabilities,  the  algorithm  executes 
obstacle  avoidance.  The  algorithm  is  tested  in  several  simulated  scenarios  with  different  placement  of 
mines  and  obstacles;  the  amount  of  resources  used  and  the  fraction  of  the  area  searched  is  computed.  A 
similar  algorithm  that  uses  hill-climbing  search  is  implemented  for  comparison.  In  all  cases,  the  newly 
developed  algorithm  performed  equal  or  better  than  the  one  that  uses  hill-climbing. 
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Translation  Div.:  25  Apr  83.  lOp. 

[Trans,  of  Soldat  und  Technik,  D  6323  E,  n.p.,  v2  p62-67  Feb  83.] 

ABSTRACT:  No  abstract  available. 
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Perraut,  R.E.  Gulf  War  Lessons  Learned  by  Iraq  (A.K.A.  How  to  Fight  the  United  States 
and  Win).  Final  rept.  Naval  War  Coll.,  Newport,  RI:  17  Jun  94.  37p. 

ABSTRACT:  The  invasion  of  Kuwait  M’as  undertaken  by  Saddam  Hussein  to  solve  his  severe  economic  problems,  to 
fix  a  historical  claim,  to  secure  access  to  the  Persian  Gulf,  and  to  increase  his  personal  power  and  status 
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within  the  Middle  East  Iraq's  campaign  w^as  built  on  some  flawed  assumptions  and  unraveled  in  execution. 
In  a  future  campaign  to  invade  Kuwait,  Iraq  could  apply  what  it  learned  from  the  Gulf  War.  There  are  two 
main  approaches:  what  Iraq  could  do  to  keep  the  United  States  out  of  the  Gulf  and  how  to  fight  deployed 
US.  forces.  Keeping  US.  forces  out  of  Saudi  Arabia  would  greatly  hamper  U.S.  efforts  to  liberate  Kuwait. 
If  US.  forces  are  deployed  to  the  region,  Iraq  has  three  options.  First,  Iraq  could  fight  the  United  States 
nose-to-nose  and  seek  a  negotiated  settlement  before  the  United  States  overwhelms  the  Iraqi  forces. 
Secondly,  Iraq  could  attempt  to  bloody  the  U.S.  nose  with  attacks  to  inflict  massive  casualties  in  order  to 
undermine  the  U.S.  and  Saudi  Arabia's  will  to  continue  military  actions  against  Iraq.  And  thirdly,  Iraq 
could  immediately  seek  a  negotiated  settlement  hoping  to  keep  at  least  part  of  Kuwait.  Based  on  these 
approaches  and  options,  USCENTCOM  faces  many  serious  planning  challenges  for  the  next  Gulf  War  in 
terms  of  responding,  deploying,  and  fighting.  GulfWaf  Desert  Storm,  WMD,  Sea  mines,  Coalition,  Saudi 
Arabia,  Kuwait,  Iraq,  Saddam,  USCENTCOM. 
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Preston,  J.M.  Coordinates  as  determined  by  side-scan  sonar:  Theory  and  applications. 

DREP  technical  memorandum  no.  88-02.  Defence  Research  Establishment  Pacific, 
Victoria  (British  Columbia):  cl988.  48p. 

ABSTRACT:  A  central  issue  in  minehunting  is  the  accuracy  with  which  the  coordinates  of  a  mine-like  object  can  be 
determined.  This  survey  process  is  done  in  stages,  first  locating  the  ship,  then  locating  the  object  with 
respect  to  the  sonar,  then  determining  the  vector  between  the  ship  and  the  towflsh  if  side-scan  sonar  is 
used.  This  report  derives  the  equations  which  determine  the  chart  coordinates  of  a  bottom  object  from  the 
14  variables  describing  the  side-scan  sonar  deployment  which  imaged  that  object.  Improvements  in  the 
accuracy  of  the  coordinates  which  could  be  achieved  by  improving  the  accuracy  with  which  any  variable  is 
measured  are  then  predicted.  Coordinate  data  acquired  during  MIN  EX  87  is  used  to  calculate  the 
unmeasured  angular  variables  which  characterized  that  deployment. 
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Pritchard,  L.L.  Distributed  Computing  Environment  for  Mine  Warfare  Command.  Master's 
thesis.  Naval  Postgraduate  School,  Monterey,  CA:  Jun  93.  108p. 

ABSTRACT:  The  Mine  Warfare  Command  in  Charleston,  South  Carolina  has  been  converting  its  information 
systems  architecture  from  a  centralized  mainframe  based  system  to  a  decentralized  network  of  personal 
computers  over  the  past  several  years.  This  thesis  analyzes  the  progress  Of  the  evolution  as  of  May  of 
1992.  The  building  blocks  of  a  distributed  architecture  are  discussed  in  relation  to  the  choices  the  Mine 
Warfare  Command  has  made  to  date.  Areas  that  need  further  attention  and  development  are  discussed 
based  on  the  research  findings.  Finally,  recommendation  for  future  planning,  procurement  and 
improvements  to  the  system  are  made.  Lessons  learned  by  this  command  during  the  conversion  to  a 
networked  system  are  described. 
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Proceedings  of  the  Ship  Control  Systems  Symposium  (7th)  Held  in  Bath,  England  on  24-27 
September  1981.  Volume  1.  Ministry  of  Defence,  Bath  (England):  27  Sep  84.  1 15p. 

[See  also  Volume  2,  AD-A21 1  134.] 

ABSTRACT:  Contents:  Digital  progress  in  the  Royal  Navy;  US  Navy  control  systems  overview;  Machinery  control 
initiatives  —  A  Canadian  perspective;  Ship  automation  —  A  Dutch  view  on  practice  and  progress;  Digital 
control  and  surveillance  system  for  the  M-Class  frigate  of  the  Royal  Netherlands  Navy;  Propulsion  control 
in  the  Swedish  M80  Class  Mine  Countermeasures  Ships;  Practical  experience  in  the  application  of 
microprocessors  to  machinery  control  and  surveillance;  Multivariable  adaptive  control  of  ships  motions;  A 
classical  approach  to  a  microprocessor  based  PID  Autopilot  design;  Model  tests  and  full-scale  trials  with 
a  rudder-roll  stabilisation  system. 
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Read,  C.H.  Hydrographic  Survey  Requirements  System  (HYSUR).  Final  rept.  Defense 
Mapping  Agency  Hydrographic/Topographic  Center,  Washington,  DC.:  Jun  83.  9p. 

ABSTRACT:  The  Defense  Mapping  Agency  (DMA)  has  no  automated  system  with  which  to  determine  the  survey 

precedence  o  the  8.2  million  square  nautical  miles  of  worldwide  coastal  areas  which  require  hydrographic 
surveying.  In  response  to  this  vast  requirement,  the  DMA  Hydrographic/Topographic  Center(HTC)  is 
developing  the  Hydrographic  Survey  Requirements  System  (HYSUR).  This  software  system  will  enable 
managers  to  make  timely,  systematic  decisions,  thereby  enhancing  the  utility  of  the  Naval  Oceanographic 
Office  (NA  VOCEANO)  survey  vessels.  This  report  discusses  the  practical  applications  of  this  system  which 
will  identify  hydrographic  data  deficiency  areas;  establish  a  rank  order  for  required  survey  areas 
considering  economic,  political,  military,  and  physical  factors;  provide  an  alternative  planning  capability 
to  answer  management-level  questions;  and  produce  survey  program  plans  based  on  the  results  of  the 
ranking  procedures,  available  resources,  and  estimated  cost.  (Author) 
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Report  of  the  Mine  Warfare  Study  Group.  Volume  8.  The  SWATH  as  an  MCM  (Mine 
Countermeasures)  Platform.  National  Academy  of  Sciences-National  Research 
Council,  Washington,  DC.:  Sep  82.  80p. 

ABSTRACT;  The  following  are  among  the  Task  Groups  findings;  (I)  A  SWATH  hull  form  displacing  33  to  54 1 

appears  to  have  excellent  seaworthine.is  characteristics  for  the  inshore  MCM  mission  while  housing  ample 
payload  for  minehunting  with  limited  neutralization.  (2)  The  seakeeping  characteristics  predicted  for  the 
SWATH  hull  form  will  permit  a  hull  mounted  sidelooking  sonar  option  with  minimum  yaw  compensation 
and  no  roll  and  pitch  compensation.  (3)  The  results  of  computer  predictions  of  the  motions  of  the  two 
proposed  SWATH  designs  show  that,  when  suitably  averaged  for  all  headings,  and  when  operating  at  6  kt 
in  a  state  3  sea  the  roll  angle  amplitude  for  all  designs  will  be  less  than  2  deg;  the  heave  amplitude  at  the 
LCG  will  be  approximately  2  ft;  and  the  LCG  accelerations  approximately  0.04  g.  These  small  motions  and 
accelerations  provide  a  comfortable  working  environment  for  crew  and  instrumentation,  and  (4)  The 
comparative  seaworthiness  of  a  monohull,  ASR  Catamaran  form,  and  MCM  SWATH  in  the  same 
environment  are  presented.  The  motions  and  accelerations  of  the  SWATH  hulls  were  substanially  less  than 
those  for  monohull  and  catamaran. 

ACCESSION  NUMBER:  ADA133442 

Ricci,  J.J.  Preliminary  Risk  Assessment  of  the  Remote  Minehunting  System  (RMS).  Naval 
Sea  Systems  Command,  Washington,  DC:  23  Oct  91.  32p. 

ABSTRACT;  This  Risk  Assessments  of  the  RMS  rates  the  risks  associated  with  developing  the  subsystems  and 
components  of  the  RMS.  The  risks  are  identified  as  low,  medium,  and  high  level  so  that  high  risk  may  be 
provided  the  highest  resource  priority. 

ACCESSION  NUMBER:  ADA255805 

Richardson,  M.D.  Coastal  Benthic  Boundary  Layer  Special  Research  Program.  Program 
Direction  and  Workshop  Recommendations.  Final  rept.  Performer:  Naval 
Oceanographic  and  Atmospheric  Research  Lab.,  Stennis  Space  Center,  MS:  Aug  92. 

164p. 

ABSTRACT:  A  5-year  Special  Research  Program  (SRP)  has  been  established  at  the  Naval  Research  Laboratory 
that  addresses  the  physical  characterization  and  modeling  of  benthic  boundary  layer  processes  and  the 
subsequent  impact  of  these  processes  on  the  seafloor  properties  that  affect  mine  countermeasure 
operations.  This  special  project  outlines  the  SRP  scientific  program  and  reviews  the  results  of  the  four 
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workshops  convened  to  establish  scientific  priorities.  Workshop  participants  agreed  that  sediment  structure 
provides  the  common  perspective:  to  quantitatively  model  relationships  among  sediment  physical 
properties;  to  quantify  the  effects  of  environmental  processes  on  sediment  properties:  and  to  model 
sediment  behavior  (acoustic,  electrical,  and  mechanical).  Hypotheses  based  on  quantitative  physical 
models  that  incorporate  three-dimensional  sediment  structure  will  be  tested  by  a  series  of  field  experiments 
at  coastal  locations  where  differing  environmental  processes  dominate  sediment  structure.  These 
experiments  stress  the  role  of  sediment  structure  in  determining  high-frequency  acoustic  phenomena  such 
as  scattering,  penetration,  and  propagation,  as  well  as  the  physical  relationships  between  remotely  sensed 
acoustic  properties  and  mechanical  strength  parameters. 

ACCESSION  NUMBER:  ADA256608 

Richardson,  M.D.  et  al.  Environmental  Support  for  High  Frequency  Acoustic 

Measurements  at  NOSC  Oceanographic  Tower,  26  April-7  May  1982.  Part  1. 
Sediment  Geoacoustic  Properties.  Final  rept.  26  Apr-7  May  82.  Naval  Ocean  Research 
and  Development  Activity,  NSTL  Station,  MS:  Jun  83.  70p. 

ABSTRACT:  This  is  the  first  of  a  four-volume  report  on  environmental  support  for  a  high  frequency  acoustic 

experiment  conducted  near  the  Naval  Ocean  Systems  Center  (NOSC)  Oceanographic  Tower,  one  mile  off 
the  California  coast  near  San  Diego,  26  Apr-7  May  1982.  The  objective  was  to  provide  improved 
shallow-water  acoustic  models  required  for  development  of  advanced  mine-hunting  sonar  systems.  This 
report,  presents,  sediment  geoacoustic  measurements  made  concurrently  with  backscatter  measurements 
for  the  NOSC  Tower  Experiment.  Two  sediment  types  were  evident  from  visual  observation  and  from 
laboratory  analysis  of  sediment  geoacoustic  properties.  The  sediments  closest  to  the  transmit-receive  tripod 
were  coarse  sands  with  higher  compressional  wave  velocity  and  lower  attenuation  and  impedance  values 
than  those  of  fine  sands  surrounding  the  target  spheres.  Sediment  compressional  wave  velocity  and 
attenuation  increased  with  depth  in  the  sediment,  probably  as  a  results  of  a  decrease  in  porosity  due  to 
compaction  and  packing.  Surficial  gradients  in  sediment  geoacoustic  properties  may  be  important  factors 
in  the  prediction  of  high  frequency  bottom  reverberation. 

ACCESSION  NUMBER:  ADB076818 

Russell,  B.F.  Operational  Theater  Mine  Countermeasures  Plan:  More  than  a  Navy 

Problem.  Monograph.  Army  Command  and  General  Staff  Coll.,  Fort  Leavenworth,  KS: 

14  May  95.  54p. 

ABSTRACT:  This  monograph  finds  that  theater  commanders,  with  vital  maritime  choke  points/canals  in  their 

theater,  should  have  their  J-5  planners  develop  and  integrate  a  comprehensive  counter  mine  plan  into  the 
theater's  campaign  plans.  In  the  past,  regional  mine  countermeasure's  plans  have  been  viewed  as  a  Navy 
responsibility.  However,  today's  theater  commander  may  face  short  regional  conflict  warning  times  which 
require  the  conduct  of  mine  countermeasures  (MCM)  operations  before  Naval  MCM  planners  and  their 
forces  (ships  and  aircraft)  can  arrive  in  theater.  Using  joint  theater  forces  (Army,  Air  Force,  Special 
Operations  Forces,  Navy,  and  Space  assets),  the  theater  commander  can  conduct  MCM  operations  to 
prevent  mines  from  going  in  the  water  or  to  detect  and  record  locations  of  enemy  mine  laying  operations, 
reducing  greatly  the  time  required  for  counter  mine  operations  by  Naval  MCM  ships  and  aircraft  upon 
their  in-theater  arrival.  The  coordination  and  allocation  of  Joint  theater  forces  to  conduct  MCM 
operations  requires  a  theater  commander  to  plan  and  prepare  for  mining  threats  long  before  the  first 
enemy  sea  mine  enters  the  water.  This  monograph  uses  the  Secretary  of  Defense's  October  1993  Report  on 
the  Bottom-Up  Review  as  a  reference,  to  identify  real  world  MCM  missions  from  a  scenario  that  involves 
two  nearly  simultaneous  conflicts  in  the  Korean  and  Persian  Gulf  regions.  To  execute  counter  mine 
missions  in  these  theaters,  the  J-5  planing  staffs  must  develop  MCM  plans  for  the  theater  commander.  This 
monograph  takes  the  J-3  planner  through  the  required  building  blocks  to  develop  an  effective  theater 
MCM  plan.  The  monograph  describes  the  North  Korean  and  Iraqi  mining  threats,  past  and  present,  to 
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include  mine  types,  mine  delivery  platforms,  and  possible  battlespace  areas  that  could  be  effectively  mined. 
The  strengths  and  weaknesses  ofU.S.  MCM  forces,  ships  and  aircraft 
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Ryan,  PJ.  and  CJ.  Akenfelds.  Effect  of  Ship  Motion  on  Ship  Magnetic  Signature.  Materials 
Research  Labs.,  Ascot  Vale  (Australia):  May  88.  33p. 

ABSTRACT:  The  effects  of  roll,  pitch  and  yaw  motions  on  a  ship's  magnetic  signature  are  investigated.  These  three 
modes  of  rotary  motion,  each  simple  harmonic,  are  treated  as  uncoupled  and  a  dipole  model 
representation  is  used  to  describe  the  ship's  magnetization.  Signatures  are  computed  for  a  model  ship 
assumed,  for  simplicity,  to  be  bearing  due  magnetic  North  and  compared  with  the  steady-state  signatures 
(for  no  rotary  motion).  Oscillatory  magnetic  field  components  result  from  these  ship  motions  which 
decrease  in  significance,  compared  to  the  steady-state  fields,  as  the  observation  point  is  moved  further 
away  from  the  ship's  passage.  These  field  deviations  decrease  more  rapidly  with  a  beam  displacement  than 
with  depth.  Variation  with  ship  speed  is  more  complicated  and  depends  critically  on  the  values  assigned for 
the  amplitudes,  frequencies,  and  relative  phases  of  the  three  modes  of  motion.  In  high  sea  states  the 
magnetic  signatures  can  vary  considerably  from  those  in  calm  seas  with  implications  for 
magnetic- influence  mine  actuation 
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Savage,  K.D.  and  R.  W.  Meredith.  Modeled  High-Frequency  Acoustic  Backscattered  Levels 
from  Range-Independent  and  Simplistic  Range-Dependent  Sand  Bottoms.  Final  rept. 
Naval  Research  Lab.  Detachment,  Stennis  Space  Center,  MS:  21  Feb  96.  17p. 

ABSTRACT:  Results  investigating  the  effects  of  variable  bottom  composition  on  modeled  high-frequency 
backscattered  levels  are  presented  for  a  typical  shallow-water,  variable  bottom  (range-dependent) 
environment.  The  modeled  environment  consisted  of  a  single  sound  speed  profile,  a  flat  sea  bottom  with 
range-dependent  bottom  composition,  and  a  smooth,  flat  sea  surface.  Coarse-and  fine-grained  sandy  areas 
were  partitioned  in  range  to  create  range  dependence.  Bottom  backscattering  and  reflection  loss  for  each 
partition  were  obtained  from  a  recent  University  of  Texas  high-frequency  ocean  bottom  backscatter  model. 
Maximum  differences  of  S  dB  were  discernible  between  the  fine-  coarse-fine  sand  bottom  and  a 
range-independent  fine-sand  bottom  for  ranges  <500  m.  The  trend  and  structure  of  the  backscattered 
levels  were  nearly  identical  for  both  bottom  types.  In  all  cases,  surface  reverberation  had  a  strong  impact 
on  the  backscattered  levels,  trends,  and  structures. 

ACCESSION  NUMBER:  ADA305987 

Scaia,  P.A.  U.S.  Logistics  Vulnerability:  Major  Regional  Conflict  with  Iran.  Naval  War 
Coll.,  Newport,  RL  Dept,  of  Operations:  16  May  94.  45p. 

ABSTRACT:  The  United  States  has  chosen  to  emphasize  a  power  projection  role  for  its  military.  This  capability 
proved  itself  during  Operation  Desert  Storm.  However,  Desert  Storm  also  pointed  out  a  significant 
weakness.  To  stop  the  U.S.  military,  an  enemy  need  only  interrupt  the  logistics  chain.  How  well  does  the 
U.S.  guard  its  Logistic  ability.  This  paper  addresses  the  possibility  that  a  dedicated,  marginally  capable 
opponent  could  do  significant  damage  to  the  U.S.  Logistics  system.  This  in  turn  could  cause  the  U.S.  to 
abandon  or  change  national  priorities 

ACCESSION  NUMBER:  ADA283377 

Schnell,  D.A.  Stormy  Waters:  Technology,  Sea  Control  and  Regional  Warfare.  Master's 
thesis.  Naval  Postgraduate  School,  Monterey,  CA:  Jun  94.  165p. 

ABSTRACT:  An  important  aspect  of  the  current  strategic  calculus  is  the  diffusion  of  technology  and  proliferation 
of  advanced  weaponry,  particularly  naval  weapon  systems.  This  is  of particular  concern  for  the  United 
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States'  Navy,  historically  the  first  on-scene  and  the  likely  target  of  any  initial  challenge  to  our  presence. 

The  Navy's  new  war-fighting  doctrine,  '...From  the  Sea' focuses  the  Navy  on  these  challenges.  However,  it 
has  not  been  complimented  by  the  necessary  recapitalization  and  procurement  to  make  it  truly  operational. 
To  bridge  the  gap  between  the  doctrinal  concepts  of '...From  the  Sea'  and  current  capabilities,  the  Navy 
must  improve  its  ability  to  exercise  sea  control  and  dominate  the  littoral  battlespace.  This  will  require 
tough  procurement  choices  and  significant  investments  in  mine  warfare,  advanced  military  aircraft  and 
state-of-the-art  C4I  systems.  It  may  also  be  necessary  for  the  Navy  to  postpone  certain  improvements  or 
abandon  certain  missions  in  order  to  refocus  and  selectively  modernize  elements  of  the  fleet. 

ACCESSION  NUMBER:  ADA283945 

Schroeder,  E.A.  and  G.  Green,  Finite  Element  Shock  Analysis  of  a  Cryogenic  Refrigerator. 

Interim  rept.  Jan- Aug  93.  Naval  Surface  Warfare  Center  Carderock  Div.,  Bethesda,  MD. 
Ship  Systems  and  Programs  Directorate:  Dec  94.  3 Op. 

ABSTRACT:  Two-stage  G  iff  or  d-Mc  Mahon  refrigerators  are  candidates  for  use  in  cooling  superconducting 

magnets  for  naval  applications  in  mine  countermeasures  and  electric-drive  propulsion  for  ships.  For  these 
applications,  the  refrigerators  can  be  expected  to  undergo  shock  and  vibration  due  to  the  motion  of  the 
platform  on  which  they  are  mounted  and  to  explosions  of  nearby  mines.  If  the  refrigerator  is  to  continue 
operating  effectively,  the  cylinder  Myalls  must  not  be  permanently  deformed  when  subjected  to  shock  loads, 
and  therefore  stresses  in  the  walls  must  not  approach  the  elastic  limit  of  the  wall  material.  The  stress  in  the 
cylinder  walls  due  to  specified  shocks  was  determined  by  an  axisymetric  finite  element  shock  analyses  of 
the  two-stage  cylinder  and  displacer  assembly.  For  this  analysis,  it  was  assumed  that  the  displacers  were  at 
the  bottom  of  their  stroke  and  each  was  resting  on  the  bottom  of  its  cylinder.  Constant  horizontal  and 
vertical  accelerations  of  100  g  and  a  time-dependent  acceleration  with  maximum  amplitude  of  103  g  were 
applied  to  the  model  The  analysis  for  the  vertical  shock  loading  produced  a  maximum  stress  of  36. 7  MPa, 

5  percent  of  yield  for  the  304-type  stainless  steel  used for  the  cylinder  walls. 

ACCESSION  NUMBER:  ADA294278 

Semi-annual  project  review  of  the  Experimental  Diving  Unit,  November  1993  to  April 
1994.  Interim  research  report  no.  DCIEM  no.  94-30.  Defence  and  Civil  Inst,  of 
Environmental  Medicine,  Downsview  (Ontario):  cl 994.  47p. 

ABSTRACT:  Description  of  12  projects  of  the  Experimental  Diving  Unit  conducted  from  November  1993  to  April 
1994.  Major  projects  include  the  development  of  a  freeze-proof  regulator,  and  decompression  tables  for 
the  Canadian  Underwater  Mine-countermeasures  Apparatus.  For  each  project,  information  is  given  on 
defence  relevance,  description  of  the  project,  progress,  and  projections.  A  task  description  sheet  is  also 
included  for  each. 

ACCESSION  NUMBER:  MIC940726 

Shen,  J.W.  Finite  Difference  Methods  Applied  to  Biot  Theory  in  Porous  Medium.  Master’s 
thesis.  Naval  Postgraduate  School,  Monterey,  CA.:  Sep  95.  55p. 

ABSTRACT:  Finite  difference  methods  are  used  to  solve  the  Biot  equations  for  wave  propagation  in  a  porous 

medium.  The  computational  domain  is  a  two  dimensional  grid  of  uniform  spacing  where  truncation  of  the 
grid  on  all  sides  is  accomplished  by  applying  homogeneous  Dirichlet  boundary  conditions.  The  difference 
method  is  second  order  in  space  and  time,  and  is  seen  to  accurately  predict  phase  speeds  of  the  primary 
compressional  and  shear  waves. 

ACCESSION  NUMBER:  ADA306214 
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Spieker,  H.  Mine  Countermeasures.  Naval  Intelligence  Support  Center,  Washington,  DC. 
Translation  Div.:  25  Apr  83.  13p.  [Trans,  of  Soldat  und  Technik,  D  6323  E  (Germany, 
F.R.)  v2  p72-78  Feb  83.] 

ABSTRACT:  No  abstract  available. 

ACCESSION  NUMBER:  ADA129354 

Steel,  N,,  M.  Philips  and  G.  Meagher.  Interactive  Neural  Network  System  for  Acoustic 

Signal  Classification.  Final  rept.  1  Sep  89-28  Feb  90.  Advanced  Resource  Development 
Corp.,  Columbia,  MD.:  28  Feb  90.  123p. 

ABSTRACT:  The  objectives  of  this  project  was  to  develop  an  understanding  of  the  effect  of  neural  networks  ^ 

implemented  in  interactive  systems,  on  sonar  operators  and  other  naval  personnel.  Specifically,  the  project 
called  for  the  development  of  a  prototype  system,  employing  neural  networks  to  test  the  effect  of  interactive 
(man-in-the-loop)  operations.  ARD  developed  such  a  system  which  is  used  to  classify  time  domain  signals 
generated  from  the  insonification  of  an  underwater  mine-like  target.  The  system  converts  the  time  domain 
signals  to  frequency  domain  and  frequency  over  time  (spectrograms)  and  displays  the  signals  at  the  users' 
request  in  all  three  formats.  A  time  windowing  function  is  also  provided  to  allow  the  user  to  closely  inspect 
specific  portions  of  the  time  domain  signal.  In  addition,  a  neural  network  system  classifies  the  signal 
according  to  three  parameters:  shell  thickness,  interior  content  and  angle  of  insonification.  Results  have 
shown  that  most  users  exhibit  a  large  bias  towards  the  use  of  the  neural  network  analysis  because  of  their 
highly  accurate  classification.  Future  work  will  concentrate  on  the  integration  of  neural  network  tools  into 
existing  systems  in  real-world  situations.  A  better  understanding  of  the  human-network  interactions  will  be 
gained  when  the  ability  of  the  networks  to  classify  real  world  signals  is  decreased  due  to  the  complex 
geometries  of  actual  mines  and  environmental  effects  on  the  sonar  returns  (thermoclines,  shallow  water, 
surface  returns). 

ACCESSION  NUMBER:  ADA2 19278 

Strain,  P.M.  Amphibious  Operations  in  the  21st  Century:  A  Viable  Forced-Entry 

Capability  for  The  Operational  Commander.  Army  Command  and  General  Staff 
Coll.,  Fort  Leavenworth,  KS.  School  of  Advanced  Military  Studies:  14  May  93.  67p. 

ABSTRACT:  Since  the  demise  of  the  former  Soviet  Union,  the  world  has  witnessed  greater  international  turmoil, 
aggression,  and  conflict.  The  possibility  of  a  global  conflict  is  minimal,  but  the  opportunities  for  United 
States  involvement  in  regional  conflicts  has  increased  in  order  to  protect  its  vital  interests.  The  current 
reductions  in  armed  forces  and  forward  deployment  of  units  require  the  maintenance  of  a  strong  power 
projection  and  forced-entry  capability.  The  two  form  of force-entry  operations  available  to  the  operational 
commander  are  amphibious  and  airborne  operations.  The  requirement  to  conduct  amphibious  forced-entry 
operations  remains  valid.  The  United  States  is  a  maritime  nation  and  the  majority  of  its  interests  lie  close 
to  the  sea.  However,  the  reduction  in  amphibious  shipping,  naval  surface  fire  support,  and 
mine-countermine  capabilities,  and  the  proliferation  of  advanced  technology  and  weapons  to  potential 
third  world  foes,  calls  to  question  the  ability  of  the  United  States  to  conduct  traditional  amphibious 
forced-entry  operations.  To  remain  viable  in  a  much  more  lethal  environment,  amphibious  operations  must 
be  conducted from  a  maneuver  warfare  perspective. 
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_ .  Infrared  Reflectance  Measurements  of  Replica  Mines  and  Reference  Targets. 

Memorandum  rept.  Defence  Research  Establishment  Suffield,  Ralston  (Alberta).:  Feb 
89.  49p. 

ABSTRACT:  Remote  minefield  detection  (RMD)  can  be  performed  by  mounting  downward-looking  sensors  on 

airborne  platforms  such  as  remotely-piloted  vehicles  (RPVs).  Scatterable  mines  lying  on  the  surface  of  the 
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ground  may  be  detected  using  a  carbon-dioxide  laser  mounted  on  the  RPV  as  a  source  of  thermal  infrared 
radiation  and  by  measuring  the  reflected  signals  to  create  an  image  of  the  terrain  below.  Such  an  active 
infrared  system  is  capable  of  operating  covertly  at  all  times  of  the  day  or  night  and  makes  use  of  much  of 
the  technology  found  in  current  passive  infrared  sensors  (ie.  forward-looking  infrared  imagers,  FLIRs,  on 
military  aircraft,  ground  vehicles,  and  ships).  This  report  presents  reflectance  data  on  a  number  of  replica 
mines  which  have  been  found  to  be  specular  (mirror-like)  at  thermal  IR  wavelengths.  The  measurements  of 
the  replica  mines  and  a  number  of  reference  materials  were  made  in  a  laser  laboratory,  and 
retro-reflectivity  data  for  each  target  are  presented  graphically  as  a  function  of  the  angle  at  which  the  IR 
laser  beam  hit  the  target  surface.  The  fact  that  the  replica  mines  are  specular  means  that  the  RMD  sensor 
must  be  downward-looking  and  only  those  mines  within  a  fairly  small  angular  field-of-view  will  give 
significantly  large  reflected  signals. 

ACCESSION  NUMBER:  ADA209084 

Stuart,  G.C.  Remote  Minefield  Detection  Using  Infrared  Laser  Radar,  Memorandum  rept. 
Defence  Research  Establishment  Suffield,  Ralston  (Alberta):  Nov  88.  13  Ip. 

ABSTRACT:  High-resolution  infrared  laser  radars  are  shown  to  be  effective  sensors  for  use  in  remote  minefield 
detection  (RMD).  The  theoretical  aspects  and  practical  limitations  of  imaging  laser  radars  are  discussed 
and  the  conceptual  designs  of  two  airborne  carbon-dioxide  laser  radars  are  presented.  A  design  which 
uses  direct  detection  and  a  linear-array  detector  is  shown  to  be  superior  to  one  using  heterodyne  detection 
and  a  single-element  detector.  Countermeasures  to  active  infrared  RMD  systems  are  discussed  and 
suggestions  made  for  further  study. 
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Thomas,  M.J.  Missing  from  the  Toolbox:  Preemptive  Strike.  Final  rept.  Naval  War  Coll, 
Newport,  RI:  16  May  95.  21p. 

ABSTRACT:  The  national  security  strategy  of  the  United  States  requires  the  military  to  prosecute  two  nearly 
simultaneous  major  regional  conflicts.  This  is  similar  to  the  Israeli  asymetric  strategy  of  fighting  one 
enemy  white  holding  another.  Once  the  first  is  defeated,  Israeli  attention  focuses  on  defeating  the  second 
enemy.  To  make  the  strategy  work,  the  Israelis  pre-emptively  strike  their  enemies  to  gain  the  initiative. 
American  national  strategy  does  not  include  a  provision  for  preemptive  action.  Past  American  wars, 
including  the  Persian  Gulf  War,  relied  on  a  significant  build-up  of  regional  combat  power  before  taking 
offensive  action.  An  enemy  might  conclude  that  the  best  way  to  fight  the  United  States  is  to  isolate  the 
region  from  the  introduction  ofU.S.  forces.  A  com.bination  of  sea  mines  and  an  anti-air  lift  plan  could  keep 
US.  forces  from  a  theater.  Because  sea  mining  is  likely  to  be  part  of  an  initial  enemy  action,  preempting 
sea  mining  operations  is  as  important  as  gaining  air  superiority.  Once  the  sea  mines  are  planted,  will  take 
significant  time  to  conduct  mine  counter-measures  operations.  An  enemy  with  a  clearly  defined  objective 
and  good  diplomatic  initiative  could  use  the  time  that  the  US.  was  isolated  from  the  theater  to  gain  a 
peace  on  its  terms. 
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Laboratory,  International  Effort  Focuses  on  Coastal  Benthic  Boundary  Layer, 
Combining  Basic,  Applied  Programs.  Journal  article.  Naval  Research  Lab. 

Detachment,  Stennis  Space  Center,  MS:  Jun  95.  lOp. 

ABSTRACT:  During  February  1995,  four  research  vessels  (WFS  Planet.  R/Vs  Seward  Johnson,  Pelican,  and 
Seaward  Explorer)  and  1 15  scientists  and  technicians  from  five  nations  mounted  a  major  scientific 
campaign  in  waters  off  the  M>estern  Florida  Keys.  Experiments  focused  on  the  shallow-water,  carbonate, 
sedimentary  environments  in  (he  vicinity  of  the  Marquesas  Keys  and  the  Dry  Tortugas  in  recognition  that 


AI-58 


naval  operations  have  shifted  focus  to  nearshore  coastal  operations  that  emphasize  mine  countermeasures 
(MCM).  The  Florida  Keys  are  the  only  U.S.  waters  analogous  to  the  shallow-water,  tropical,  carbonate 
settings  that  are  becoming  increasingly  important  to  naval  operations  (e,g.,  Persian  Gulf)  and  where  the 
biogeochemical  processes  that  are  typical  of  those  carbonate  environments  can  be  studied. 
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U.S,  General  Accounting  Office.  Mine  Warfare:  Ingleside,  Texas,  may  not  be  the  Best 
Location  for  Consolidation.  General  Accounting  Office,  Washington,  DC.  National 
Security  and  International  Affairs  Div.:  Dec  91.  8p. 

ABSTRACT:  This  report  concludes  that  the  Navy’s  decision  to  homeport  its  mine  countermeasures  ships  at 

Ingleside  will  necessitate  the  expenditure  of  significant  additional  funds  to  accommodate  the  ships  and 
consolidate  other  mine  warfare  forces.  Ingleside's  distance  from  the  Atlantic  and  Pacific  Fleets  could  also 
increase  operational  costs  and  hamper  efforts  to  better  integrate  mine  warfare  forces  into  overall  Navy 
operations.  Further,  we  believe  that  the  Navy  has  not  adequately  addressed  these  concerns  of  sufficiently 
analyzed  the  potential  benefits  of  locating  mine  warfare  forces  at  a  base  on  both  the  East  and  West  Coasts. 
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U.S.  General  Accounting  Office.  Navy  Mine  Warfare:  Budget  Realignment  Can  Help 
Improve  Countermine  Capabilities.  General  Accounting  Office,  Washington,  DC. 
National  Security  and  International  Affairs  Div.:  13  Mar  96.  53p. 

ABSTRACT:  Operation  Desert  Storm  highlighted  major  weaknesses  in  the  Navy's  capability  to  detect  and  disarm 
enemy  mines.  The  Navy  possessed  only  a  very  limited  capability  at  that  time  to  conduct  mine 
countermeasures  at  various  water  depths.  In  addition,  two  Navy  warships,  the  U.S.S.  Princeton  and  the 
U.S.S.  Thpoli,  both  struck  Thaqi  mines  in  open  waters  in  the  Persian  Gulf.  The  combined  damage  to  the 
two  ships,  which  totaled  about  $21.6  million,  was  caused  by  two  mines-one  estimated  to  cost  $10,000  and 
the  other  about  $1 ,500.  The  Navy  has  since  made  a  number  of  organizational  changes  and  initiated  several 
research  and  development  projects  to  address  the  weaknesses  in  its  mine  countermeasures  program.  At  the 
request  of  the  Chairman,  Subcommittee  on  Military  Research  and  Development,  House  Committee  on 
National  Security,  GAO  examined  the  steps  the  Navy  is  taking  to  ensure  a  viable,  effective  naval  force  that 
will  be  ready  to  conduct  mine  countermeasures  in  two  nearly  simultaneous  major  regional  conflicts. 
Specifically,  GAO  evaluated  the  (1)  status  of  the  Navy's  research  and  development  projects,  (2)  readiness 
of  the  Navy's  on-hand  mine  countermeasures  assets,  and  (3)  match  between  the  Navy's  planned  and 
on-hand  mine  countermeasures  assets  and  its  mine  countermeasures  requirements. 

REPORT  NUMBER:  GAO/NSIAD-96-104 

ACCESSION  NUMBER:  ADA305721 

U.S.  General  Accounting  Office.  Navy  Ships:  Lessons  of  Prior  Programs  May  Reduce  New 
Attack  Submarine  Cost  Increases  and  Delays.  General  Accounting  Office, 

Washington,  DC.  National  Security  and  International  Affairs  Div.:  Oct  94.  19p. 

ABSTRACT:  The  Navy's  plans  to  incorporate  lessons  learned  from  prior  submarine  programs,  particularly  the 
Seawolf  SSN-2 1  program  into  the  design  and  construction  of  the  NSSN,  a  new  class  of  nuclear-powered 
attack  submarine  were  assessed.  Several  factors  make  the  NSSN  both  an  excellent  opportunity  and  a 
challenge  for  the  Navy  to  control  acquisition  costs  and  to  improve  the  quality  of  the  design  and 
construction  process.  These  factors  are  (1)  a  reduced  antisubmarine  warfare  threat;  (2)  the  U.S.  defense 
budget,  which  has  been  more  tightly  constrained  each  year;  and  (3)  the  early  stages  of  the  NSSN 
acquisition  cycle,  which  allow  an  agency  to  apply  lessons  of past  programs  to  future  programs.  The 
NSSN's  missions  include  battlegroup  support,  covert  strike  warfare,  covert  intelligence,  special  warfare, 
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covert  mine  warfare,  antisubmarine  warfare,  and  antismface  warfare  operating  in  both  open  ocean  and 
littoral  (coastal)  areas. 
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U.  S.  Naval  Forces,  Vietnam  Monthly  Historical  Supplement  for  January  1967.  Naval 
Forces,  Vietnam:  20  Mar  67.  1  lOp. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Supplement  for  March  1967.  Naval  Forces, 
Vietnam:  29  May  67.  121  p. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Supplement  for  April  1967.  Naval  Forces, 
Vietnam:  3  Jul  67.  104p. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Summary  for  May  1967.  Naval  Forces, 
Vietnam:  5  Jul  67.  5 Ip. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Supplement  for  Deeember  1967.  Naval 
Forces,  Vietnam:  7  May  68.  167p. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Supplement  for  June  1968.  Naval  Forces, 
Vietnam, :  18  Feb  69.  185p. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Summary  for  Januaiy  1970.  Naval  Forces, 
Vietnam:  10  Mar  70.  197p. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Summary  for  April  1970.  Naval  Forces, 
Vietnam:  13  Jun  70.  138p. 

ABSTRACT:  No  abstract  available. 

ACCESSION  NUMBER:  ADA953608 


Al-60 


U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Summary  for  June  1970.  Naval  Forces, 
Vietnam:  17  Sep  70.  11  Ip. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Summary  for  July  1970.  Naval  Forces, 
Vietnam:  22  Sep  70.  75p. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Summary  for  August  1970.  Naval  Forces, 
Vietnam,:  6  Oct  70.  90p. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Summary  for  September  1970.  Naval 
Forces,  Vietnam,:  8  Nov  70.  87p. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Summary  for  November  1970.  Naval 
Forces,  Vietnam.:  9  Feb  71.  94p. 

ABSTRACT:  No  abstract  available. 
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U.S.  Naval  Forces,  Vietnam  Monthly  Historical  Summary  for  September  1971.  Naval 
Forces,  Vietnam:  23  Nov  71.  106p. 

ABSTRACT:  No  abstract  available. 
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Van  Buren,  A.L.  Near-Field  Calibration  Arrays  for  Acoustie  Wavefield  Determination. 

(Reannouncement  with  New  Availability  Information).  Naval  Research  Lab.,  Orlando, 
FL.  Underwater  Sound  Reference  Detachment:  Feb  92.  6p. 

ABSTRACT:  This  paper  describes  the  use  of  the  near-field  calibration  array  (NFCA)  to  deter  mine  the  far-field 

properties  of  acoustic  receivers  and  projectors  by  measurements  made  in  their  near-field.  When  used  as  a 
projector  to  evaluate  receivers,  the  NFCA  produces  a  nearly  uniform  plane  wave  over  a  large  volume  in  its 
near-field  and  over  a  large  frequency  range.  When  used  as  a  receiver  to  evaluate  projectors,  the  NFCA 
becomes  a  plane-wave  filter  for  acoustic  radiation  (or  target  scattering)  originating  from  within  the 
plane-wave  volume.  The  basis  of  the  NFCA  is  a  reciprocity  principle.  Numerical  implementation  of  this 
principle  provides  the  complex  weighting  factors  to  be  used  as  shading  coefficients  for  the  individual 
elements  in  the  NFCA.  The  original  Trott  NFCA's  W.J.  Trott,  J.  Scous.  Soc.  Am.  Vol.  36,  pp.  1557-1568, 
Aug.  1964  were  planar.  This  paper  describes  the  subsequent  extension  of  the  concept  to  a  cylindrical 
NFCA  suitable  for  determining  the  azimuthal  far-field  pattern  and  a  spherical  NFCA  that  allows  a 
determination  of  the  entire  three-dimensional  far-field  pattern. 
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Wallace,  RJ.  Mine  Warfare:  Its  Implication  for  the  Future  of  Amphibious  Operations. 
Research  rept.  Aug  92-Apr  93.  Industrial  Coll,  of  the  Armed  Forces,  Washington,  DC: 
Apr  93.  3 Ip. 

ABSTRACT:  The  purpose  of  this  research  paper  is  to  explain  the  importance  of  amphibious  operations  in  relation 
to  the  President's  National  Security  Strategy.  The  harrier  that  may  hinder  our  success  in  future  regional 
conflicts  is  the  amphibious  mine.  All  Third  World  countries  have  access  to  these  mines,  which  can  destroy 
shipping  lines  of  communications  and  battle  plans.  In  today's  environment,  with  the  shrinking  defense 
budget,  I  stress  the  requirement  to  continue  funding  mine  countermeasures'  programs.  Funding  these 
programs  is  essential  to  maintaining  our  National  Security  policies  throughout  the  globe. 

ACCESSION  NUMBER:  ADA276771 

Wallander,  B.L.  Electronic  Countermeasures  (ECM)  and  Acoustic  Countermeasures 

Supported  Protection  for  Merchant  Ships  against  SSM/ASM  Missiles  and  Mines. 

Masters's  thesis.  Naval  Postgraduate  School,  Monterey,  CA,:  Dec  89.  195p. 

ABSTRACT:  The  necessity  for  merchant  ship  self protection  has  become  more  and  more  obvious  during  recent 
years.  This  thesis  will  investigate  the  threat  (missiles  and  mines)  and  associated  counter-measures  that 
might  be  installed  to  provide  a  reasonable  degree  of  protection.  The  results  indicate  that  it  is  possible  to 
get  protection  against  a  sea-skimming  missile  Muth  a  combination  of  ECM  and  ESM  deployed  aboard  the 
ship.  For  protection  against  the  mine  threat,  a  sonar  is  designed  in  order  to  give  the  ship  enough  warning 
time  to  make  an  avoiding  maneuver.  The  sonar  investigation  indicates  the  difficidty  in  designing  a  sonar 
that  can  fulfill  all  design  objectives  year-round  in  a  complex  acoustic  environment. 
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Watson,  R.B.  et  al.  User  Guide  and  Specification  for  Discrete-Event  Minehunting 

Simulation  Model  MHUNT.  Defence  Science  and  Technology  Organisation,  Canberra 
(Australia):  Mar  93.  75p. 

ABSTRACT:  Minehunting  is  a  complex  process  involving  detection  and  classification  of  contacts  using  sonar  and 
the  subsequent  identification  and  disposal  of  mines  generally  using  a  remotely  operated  underwater  vehicle 
(ROY).  However,  making  suitable  assumptions,  minehunting  can  be  approximated  by  a  series  of  connected 
events  and  thus  made  amenable  to  modelling  using  the  technique  of  discrete-event  simulation.  In  this 
report,  a  discrete-event  minehiinting  simulation  model  is  described  together  with  instructions  for  its 
operation.  The  model  can  be  applied  to  evaluate  the  effectiveness  of  minehunting  systems  for  a  given 
operational  scenario  and  also  to  investigate  new  concepts. 
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Wave  Walker.  Phase  I  .  Final  rept.  Redzone  Robotics,  Inc.,  Pittsburgh,  PA:  30  Nov  94.  34p. 

ABSTRACT:  Improved  near  shore  mine  detection  and  neutralization  capability  is  needed  by  the  U.S.  Navy. 

Analysis  of  the  littoral  warfare  mission  and  the  Persian  Gulf  experience  identified  this  need.  The  littoral 
warfare  mission  increases  emphasis  on  near  shore  and  amphibious  operations.  Mine  detection  and 
neutralization  involves  a  number  of  tasks  and  many  efforts  are  underway  to  improve  existing  capabilities. 
The  Office  of  Naval  Research  is  using  the  SBIR  program  as  part  of  these  capability  improvement  activities. 
Red  Zone  Robotics  received  a  Phase  I  SBIR  contract  to  develop  a  concept  for  a  walking  robot  that  can 
operate  in  near  shore  environments.  This  robot  would  be  used  to  clear  near  shore  areas  of  mines  before  an 
assault.  In  operation,  many  robots  would  be  released  near  the  mine  field  with  a  general  heading  for  the 
area  to  be  cleared.  The  robots  would  proceed  to  spread  out  and  canvas  the  area  for  mines.  When  a  robot 
encountered  a  mine,  it  would  stop  and  enter  a  wait  mode.  If  other  robots  discovered  the  same  mine,  they 
would  sense  that  a  robot  was  already  there  in  wait  mode.  When  the  area  had  been  adequately  covered, 
explosive  charges  in  the  robots  would  be  detonated  to  destroy  the  mines  and  the  robots. 
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Widmayer,  R.S.  Strategic  and  todnstrial  AssessEimt  of  Sea  Mine  Warfare  in  the  Post-Cold 
War  Era.  —Research  rept.  Aug  92-Apr  93.  Industrial  Coll,  of  the  Armed  Forces, 
Washington,  DC:  Apr  93.  33p. 

ABSTRACT:  The  purpose  of  my  paper  is  to  provide  a  strategic-level  assessment  of  sea  mine  warfare  in  the 

post-Cold  War  era  by  addressing  both  government  and  industrial  points  of  view.  /  review  and  summarize 
U.S.  national  security  and  military  strategies  vis-a-vis  mine  warfare,  and  I  emphasize  the  basic  roles  mine 
warfare  has  the  potential  of  playing  in  implementation  of  these  strategies.  The  strategic  role  of  mine 
countermeasures  in  future  regional  crises  and  contingencies  is  clear  cut,  having  been  unquestionably 
demonstrated  during  Desert  Storm.  However,  the  role  of  in  is  far  less  defined,  but,  as  I  substantiate  in  my 
paper,  is  also  of  significant  strategic  importance  in  the  future.  1  recommend  maintaining  and  preferably 
expanding  the  mine  countermeasures  program  being  supported  by  the  Navy,  and  I  recommend  initiating  a 
program  to  tune  our  mine  inventory  to  the  post-Cold  War  era  threat.  From  the  industrial  perspective,  / 
offer  the  significantly  expanding  mine  countermeasures  program  as  a  very  attractive  industrial  incentive. 

In  addition,  /  provide  several  recommendations  for  both  industry  and  government  to  help  enhance  the  role 
industry  can  play  in  mine  warfare  in  the  future.  . 
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Williams,  K.E.  et  al.  Proceedings  of  the  Ship  Control  Systems  Symposium  (5th),  Held  at  U. 
S.  Naval  Academy,  Annapolis,  Maryland  on  October  30  -  November  3, 1978.  Volume 
5.  David  W.  Taylor  Naval  Ship  Research  and  Development  Center,  Annapolis,  MD:  3 
Nov  78.  241p.  [See  also  Volume  6,  AD-A159  086.] 

ABSTRACT:  Partial  contents:  A  New  Look  at  Some  Old  Ship  Handling  Problems  Employing  CAORF's 

Man-in-the-Loop  Ship  Simulator;  Red  or  White  Light  on  Ship  Bridges;  Ships  Pilotage  in  Britain  -  Past, 
present,  and  future;  Criteria  Optimized  by  Collision  Avoidance  Strategies;  FFG-7  Class  Propulsion 
Controls  -  Design  and  dynamic  performance;  Simulation  and  Performance  Evaluation  of  a  Mine 
Countermeasures  Vessel  Concept;  Propulsion  Control  Optimization  of  Controllable  Reversible  Pitch 
Propeller  Driven  Ships;  A  Microprocessor-Based  Stabilizer  Fin  Control  System;  Use  of  Micro  Processors 
in  Surface  Ships  Bridge  Control  Systems;  Microprocessor  Software  -  A  structured  approach  to  control  & 
surveillance  software  for  marine  applications;  and  Propulsion  Control  System  for  the  I980\s. 
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Wire  Sweep  Monitoring  Equipment  (WSME)  Test  Report  Test  and  evaluation  rept 
Performer:  Naval  Coastal  Systems  Center,  Panama  City,  FL.:  Dec  88.  58p. 

ABSTRACT:  Naval  Sea  System  Command  tasked  Naval  Coastal  Systems  Center  to  evaluate  the  Wire  Sweep 

Monitoring  Equipment  (WSME)  M’hich  is  currently  in  production  by  BAJ  LTD  for  use  on  the  UK  Royal 
Navy  River  Class  Fleet  Minesweepers.  The  US  Navy  is  building  two  new  classes  of  mine  countermeasure 
ships  (MCM-l  and  MHC-51)  and  the  usefulness  of  WSME  is  being  evaluated for  applicability  to  these  new 
ships.  The  WSME  system  offers  the  potential  for  improvement  in  performance  to  both  in-service  and 
developmental  mechanical  minesweeping  equipment.  The  objective  of  this  test  were  to  evaluate  the  concept 
of  sweeping  by  tension  using  WSME:  Verify,  using  Size  1  equipment  towed  from  an  MSO  class  ship,  that  a 
flat  mechanical  minesweeping  profile  could  be  achieved  and  maintained  by  towing  at  a  constant  tension, 
and  compare  sweeping  by  tension  to  the  conventional  sweeping  by  ship  speed  and  define  in  terms  of 
hog/sag  the  advantage  and  disadvantages  of  each  method, 
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Won,  I.J.  and  K.  Smits.  Airborne  Electromagnetic  Bathymetry.  Final  rept.  Naval  Ocean 
Research  and  Development  Activity,  NSTL  Station,  MS.;  Apr  85.  23p. 

ABSTRACT:  An  experimental  airborne  electromagnetic  (AEM)  survey  was  carried  out  in  the  Cape  Cod  Bay  area 
to  investigate  the  potential  of  extracting  bathymetric  information  for  a  shallow  ocean.  A  commercially 
available  Dighem  III  AEM  system  was  used  for  the  survey  without  any  significant  modification.  The 
helicopter-borne  system  operated  at  385  Hz  and  7200  Hz,  both  in  a  horizontal  coplanar  configuration.  A 
concurrent  ground  truth  survey  included  extensive  acoustic  soundings,  as  well  as  spot  water  conductivity 
measurements.  Because  of  a  lack  of  knowledge  about  the  absolute  system  calibration  figures,  an 
acoustic-sounding  calibration  was  made  for  each  fight  line  using  a  small  portion  of  AEM  data  to  derive 
the  zero-level  signal,  amplitude,  and  phase  calibration  factors  for  each  coil  pair.  The  interpreted 
bathymetric  profiles  show  excellent  agreement  with  corresponding  acoustic  depth  profiles  up  to  one 
(possibly  more)  skin  depth  of  the  source  frequency.  It  is  envisioned  that  with  further  improvements  in 
hardware  and  software,  the  bathymetric  resolution  may  extend  beyond  the  skin  depth.  AEM  data  can  also 
produce  (as  by-products)  conductivity  profiles  of  both  seawater  and  bottom  sediments  that  may  find 
potential  applications  in  mine  warfare  and  offshore  geotechnical  engineering  works. 
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Woodward,  R.L.and  J.S.  Mathias.  Ship  Survivability  Enhancement  Program:  Feasibility 
Study  Report.  General  document.  Materials  Research  Labs.,  Ascot  Vale  (Australia).  : 
Apr  92.  50p. 

ABSTRACT:  This  report  examines  the  feasibility  of  undertaking  a  series  of  experiments  and  exercises,  using  a 
decommissioned  Destroyer  Escort,  aimed  at  generating  information  that  will  enhance  ship  survivability. 
Consideration  is  given  to  the  sites  for  these  experiments,  timing,  cost  and  manpower  implications  to  Navy 
and  DSTO,  and  to  the  range  of  experiments  to  be  undertaken.  It  is  recommended  that  some  experiments  be 
undertaken  immediately  before  decommissioning  and  some  immediately  after,  and  that  the  sites  at  which 
these  are  to  be  done  should  be  in  Western  Australia.  The  recommended  experiments  fall  into  four  groups 
(I)  Electromagnetic  Transient  Propagation,  (2)  Underwater  Explosive  Shock  Response,  (3)  Weapons 
Effects,  Fire,  Smoke,  Damage  Control  and  Personnel  Protection,  and  (4)  Weapons  Demonstration  Firings. 
A  program  is  proposed  whereby  each  set  of  experiments  can  be  accepted  or  rejected  as  a  whole  without 
influencing  the  others. 

ACCESSION  NUMBER:  ADA250320 

Yoerger,  E.J.  et  al.  Surface  Forward-Scattered  Acoustic  Measurements  and  Analysis.  Final 
rept.  Naval  Research  Lab.  Detachment,  Stennis  Space  Center,  MS:  Jun  93.  5p. 

ABSTRACT:  A  shallow  water,  high-frequency  acoustic  experiment  was  conducted  off  the  coast  of  Panama  City 

Florida  during  August  1991.  Acoustic  measurements  of  surface  forward  scattering,  surface  reverberation, 
and  direct  path  intensities  were  made  utilizing  two  (2)  large  stationary  towers  resting  on  the  seafloor.  Each 
tower  was  equipped  with  horizontal  and  vertical  receiving  arrays,  while  the  two  (2)  sources  were  located 
on  only  one  of  the  towers.  The  water  bottom  was  30  m  deep  and  covered  with  a  fine,  rippled  sand.  The 
range  of  acoustic  frequencies  varied  from  20  kHz  to  180  kHz.  Concurrent  environmental  measurements 
including  wave  heights,  sound  velocity  profiles,  and  sample  cores  were  made.  This  paper  reports  on  the 
surface  forward-scattered  measurements  made  at  24  kHz. 
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Zatt,  D.K.  Joint  Operations  in  the  James  River  Basin,  1862  - 1865.  Master's  thesis  3  Aug 
92-4  Jun  93.  Army  Command  and  General  Staff  Coll.,  Fort  Leavenworth,  KS:  4  Jun  93. 

128p. 

ABSTRACT:  This  study  is  an  analysis  of  Union  joint  operations  in  the  James  River  Basin  from  1862  to  1865, 

Specifically  the  contributions  made  by  the  Union  Navy  during  the  battles  of  this  period.  It  begins  with  an 
analysis  of  the  Peninsula  Campaign  conducted  by  Major  General  McClellan  and  Rear  Admiral  Louis  M. 
Goldsborough  in  1862  and  concludes  with  the  Union  forces  entry  into  Richmond  in  April  1865.  The  Union 
Navy  played  a  significant  role  in  shaping  the  outcome  of  battles  for  control  of  the  James  River  and  the 
eventual  capture  of  Richmond.  The  Navy's  control  of  the  river  allowed  Grant  to  maintain  his  main  supply 
base  well  forward  in  the  theater.  This  enabled  Grant  to  rapidly  maneuver  and  resupply  his  force.  The  study 
provides  lessons  on  the  difficulties  of joint  operations  and  the  requirements  to  ensure  success  in  the  joint 
arena.  Furthermore,  it  provides  today's  US.  military  with  a  view  of  riverine  and  mine  warfare  operations 
and  the  implication  of  allowing  these  warfare  areas  to  decay. 
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INTERNET  SITES 

Advanced  Concept  Technology  Demonstration  Home  Page 

URL :  http://www. acq. osd. mil/at/actd_home. html 

From  the  Dept,  of  Defense's  Acquistions  office,  this  provides  links  to  several  mine  related 
programs. 

Countermine  http://www.  acq.  osd.  mil/at/CM/cm.  html 

Joint  Countermine  (CM)  http://www.acq.osd.mil/at/CM/cm_more.html 

DOT«&E  Activity  Summary  and  Program  Oversight 

URL :  http://www.  dte.  osd.  mil/reports/FY95/toc95.  html 

The  Dept,  of  Defense's  Office  of  the  Director,  Operational  Test  &  Evaluation  provides 
program  information  for  several  of  the  Navy's  mine  warfare  progams  (e.g.  Coastal 
Minehunter  [MHC],  Mine  Countermeasures  [MCM]  ship  and  the  MH-53E  Airborne 
Mine  Countermeasures  [AMCM]  Helicopter). 

Mine  Countermeasures  Diving  Systems 

URL:  http://www.  dciem.  dnd.  ca/DClEM/EDU/G-02.html 

From  Canada's  Defence  and  Civil  Institute  of  Environmental  Medicine,  this  provides 
information  about  about  their  efforts  to  improve  and  develop  systems  to  enhance  the 
operational  efficiency  and  safety  of  mine-countermeasures  (MCM)  diving. 
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MINWARA  --  Mine  Warfare  Association 


URL:  http://www.minwara.org/ 

This  is  a  non-profit  organization  devoted  to  education  and  the  raising  of  awareness 
concerning  mines.  This  site  includes  the  Mine  Lines  newletter,  announcements  and  links 
to  other  related  web  sites. 

NATO  SACLANT  Undersea  Research  Centre  Home  Page 
URL:  http://www.saclantc.nato. int/ 

The  Centre's  mission  is  to  conduct  undersea  research  to  assist  SACLANT  (NATO 
Supreme  Allied  Commander,  Atlantic)  and  other  MNCs  in  their  mission  to  meet  the 
challenge  of  the  prevention  of  submarine  attacks  and  the  hostile  use  of  sea  mines. 

Naval  Postgraduate  School's  Center  for  Autonomous  Underwater  Vehicle  Research 

URL:  http://www. cs. nps.  navy,  mil/research/auv/auv. html 

This  site  provides  links  to  Underwater  Robotics  Laboratories  on  the  Web,  briefing  notes, 
information  about  the  Phoenix  AUV,  related  thesis  work,  abstracts  of  publications  and 
some  papers  in  hypertext. 

Navy  Fact  File:  Mine  Countermeasures  Ships 

URL :  http ://www.navy . mi  1/navpalib/ factfile/ ships/ 

The  Navy  Dept.'s  Fact  File  provides  information  and  descriptions  of  the  ship  classes 
related  to  mine  warfare  (Mine  Countermeasrues  Ships  -  MCM  and  Coastal  Minehunter 
Ships  -  MHC). 

NSWC  Coastal  Systems  Station 

URL:  http://www. ncsc.  navy.mil/ 

The  Naval  Surface  Wafare  Center's  Coastal  Systems  Station  is  a  Navy  research  and 
development  laboratory  which  specifically  does  research  in  the  areas  of  sea  and  land  mine 
countermeasures.  Project  areas  include  Joint  Countermine  Operations  Simulation  and 
Naval  Mine  Warfare  Simulation. 

The  Unofficial  Mine  Warfare  Home  Page 

URL :  http.V/www.  ae.  utexas.  edu/~industry/mine/ 

Topics  include  underwater  offensive  and  defense  mining,  mine  countermeasures  and 
explosive  ordnance  disposal.  Also  has  various  mine  images  as  well  as  providing  links  to 
other  related  web  sites. 
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Adams,  M.S.  In-Minefield  Effectiveness  Measure  for  Breaching  Vehicles.  Army  Mobility 
Equipment  Research  and  Development  Command,  Fort  Belvoir,  VA. :  Jun  83.  36p.  [This  article 
is  from  'Proceedings  of  the  Conference  on  the  Design  of  Experiments  in  Army  Research 
Development  and  Testing  (28th)  Held  at  Monterey,  California  on  20-22  October  1982,' 

AD-A130  826.pl09-144.] 

ABSTRACT:  The  development  of  realistic  models  is  required  to  assess  the  military  worth  of  countermine  systems  in 
mine  warfare  scenarios.  Explicit  closed  form  solutions  of  delineating  countermine  equipment  effectiveness  are  being 
developed  to  become  modular  components  of  a  more  complex  war  game  modelling  mine  warfare.  This  report 
develops  a  closed  solution  to  measure  the  effectiveness  of  armored  vehicles  proceeding  through  cleared  lanes.  An 
equation  is  derived  to  determine  the  expected  number  of  mines  a  vehicle  will  encounter  in  a  scenario.  The  expected 
number  of  mine  encounters  is  used  to  calculate  a  measure  to  compare  the  value  of  changes  in  tactical  methods  and 
countermine  materiel.  A  discussion  of  the  applicability  of  the  effectiveness  measure  to  support  mine  and 
countermine  studies  is  also  presented.  A  set  of  mine  warfare  situations  are  formulated  as  an  example  of  the  ease  of 
using  the  expression  derived  in  this  report. 
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Advanced  Planning  Briefing  for  Industry  Proceedings,  15-16  September  1987.  Army 
Armament  Research  and  Development  Center,  Dover,  NJ.  Requirements  and  Analysis  Office.: 
Sep  87.  176p. 
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ABSTRACT:  Partial  Contents:  Soviet  Military  Power;  Mission  Area  Materiel  Plan  (MAMP);  Technology  Trends  in 
Artillery  Weapons;  Electromagnetic  Launch  Technology;  The  Advanced  Field  Artillery  System  (AFAS);  Manpower 
and  Personnel  Integration  (MANPRINT)  Applied  To  Future  Artillery;  Regenerative  Liquid  Propellant  Gun 
Technology;  Advanced  Solid  Propellants;  Shoot-To-Kill/Smart  Munitions;  Warheads  (Including  More  Powerful 
Explosives);  Mine  Warfare  -  A  Significant  Combat  Multiplier;  VHSIC  Processor  For  Fire  Control/Battlefield 
Management  System;  Artificial  Intelligence. 
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Albert,  D.G.  Use  of  an  Artificial  Snow  Platform  for  WAM  Tests.  Special  rept.  Cold  Regions 
Research  and  Engineering  Lab.,  Hanover,  NH.:  Jan  92.  16p. 

ABSTRACT:  Because  of  the  lack  of  a  deep  snow  cover  at  the  February  1991  Wide  Area  Mine  (WAM)  ground  sensor 
tests  held  in  Grayling,  Michigan,  an  attempt  was  made  there  to  simulate  the  effects  of  a  deeper  snow  cover  by 
making  a  pile  of  snow,  compacting  it  and  placing  the  WAM  ground  sensor  prototype  package  upon  the  resulting 
platform.  Recordings  of  moving  military  vehicles  were  then  obtained  with  these  sensors.  To  investigate  the  effects  of 
this  approach,  a  test  was  conducted  in  Hanover,  New  Hampshire,  a  few  days  later  under  similar  snow  conditions, 
but  using  a  simple  acoustic  source  (a  pistol  firing  blank  shots)  rather  than  moving  vehicles.  The  Hanover  tests  are 
described  and  reported  here.  The  results  show  that  the  use  of  a  small  snow  platform  has  little  effect  on  the  sensor 
response,  and  that  the  Grayling  test  procedure  would  be  unsuccessful  in  simulating  the  effects  of  a  deeper  snow 
cover.  The  underlying  cause  of  this  failure  is  that  the  acoustic  effect  of  a  snow  cover  arises  over  a  large  areal  extent 
and  cannot  be  simulated  by  changing  the  snow  properties  in  a  small  area  near  the  sensors. 
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Anderson,  Alan  A.  Methodologies  for  the  High  Resolution  Modeling  of  Minefield  Dynamics. 
Master's  thesis.  Monterey,  Calif.:  Naval  Postgraduate  School,  Sept.  1991.  182  pgs. 

ABSTRACT:  Landmines  are  a  continuing  threat  to  the  mobility  required  by  the  modern  army.  Efforts  to  develop 
solutions  for  the  problems  presented  by  mines  are  hampered  by  a  lack  of  useful,  realistic,  high  resolution  models.  To 
assist  in  developing  the  needed  modeling  capabilities,  several  methodologies  are  proposed.  Methodologies  for 
modeling  vehicle  navigation  error,  mine  encounters,  plow  displacement  of  mines,  by  passing  obstructions  and  the 
presence  of  overwatching  direct  fires  are  developed  and  explained.  These  methodologies  are  then  implemented 
using  simscript  and  simgraphics  into  a  minefield  breaching  model.  The  model  will  run  in  a  graphics  mode,  allowing 
a  visual  validation  of  the  model  algorithms.  The  problem  of plow  width  versus  breaching  force  casualty  rates  is 
examined  as  an  example  of  the  potential  utility  of  the  model. 
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Anderson,  M.S.  Land  Mine  Warfare  -  Applying  the  Principles.  Student  essay.  Army  War 
Coll.,  Carlisle  Barracks,  PA.:  23  Mar  87.  45p. 

ABSTRACT:  A  historical  analysis  of  land  mine  warfare  repeatedly  demonstrated  certain  principles  which  when 
correctly  applied  yield  decisive  results,  this  essay  begins  by  examining  the  employment  of  mines  in  four  battles  - 
Alam  Haifa,  El  Alamein,  the  Golan  and  the  Falklands.  It  then  assess  how  well  our  current  land  mine  warfare 
doctrine,  organization  and  equipment  facilitate  the  timely  and  sound  application  of  the  fundamentals  demonstrated 
by  history  to  today's  Airland  Battlefield.  Areas  in  which  we  must  improve  or  change  are  identified  and  some  new 
ideas  are  proposed. 

ACCESSION  NUMBER:  ADA182849 

Army  Study  Highlights.  Volume  8.  Office  of  the  Chief  of  Staff  (Army),  Washington,  DC. 

Study  Management  Office.:  Oct  87.  17p.  [See  also  Volume  1,  AD-A103  349.] 

ABSTRACT:  The  Principal  Findings:  (1)  The  divisional  engineer  battalion,  working  alone,  can  successfully  support 
the  Light  Infantry  Division  (LID)  during  the  initial  phase  of  a  short-duration,  low-intensity  conflict.  However,  the 
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LID  needs  immediate  Echelon-Above-Division  (EAD)  augmentation  to  support  extended  low-intensity  situations  and 
all  mid-  to  high-intensity  conflicts.  Specific  recommendations  for  theater  augmentation  units  are  detailed  in  the 
study.  (2)  The  mix  of  engineer  equipment  in  the  current  divisional  battalion  needs  to  be  changed  to  better  align 
capabilities  with  the  most  vital  combat  requirements.  Equipment  mix  and  density  recommendations  were  made  that 
do  not  increase  the  C-Ml  deployment  profiles  of  the  LID  engineer  battalion.  (3)  The  LID  will  greatly  benefit  from 
the  fielding  of  advanced  land  mining  systems.  New  scatterable  and  improved  conventional  mine  systems  will  both 
increase  the  range  of  mobility  and  countermobility  tasks  the  division  can  undertake,  and  substantially  reduce  the 
Class  IV  and  V  transportation  requirements. 
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Assessment  of  Chemical  and  Biological  Sensor  Technologies.  National  Research  Council, 
Washington,  DC.  Committee  on  Chemical  and  Biological  Sensor  Technologies.:  1984.  125p. 
ABSTRACT:  Chemical  and  biological  warfare  agents  are  divided  into  three  categories:  chemical  (synthetic 
compounds),  biological  (live  organisms),  and  toxins  (biologically  derived  chemical  substances).  Chemical  agents 
may  be  subclassified  by  persistency,  degree  of  toxicity,  and  physiological  effect.  Chemical  agents  can  be  delivered 
via  rockets,  missiles,  bombs,  artillery  shells,  sprays,  and  land  mines.  Biological  agents  may  be  delivered  by  similar 
means  but  may  also  be  used  clandestinely.  They  could  be  conveniently  used  to  poison  water  or  food  supplies,  for 
example.  To  defend  against  these  agents,  sophisticated  sensors  are  required  that  quickly  detect,  identify,  and 
monitor  very  small  concentrations.  Detection  of  a  chemical  agent  requires  a  short  response  time  in  order  to 
minimize  casualties  and  a  low  false  alarm  rate  to  maintain  credibility.  Because  the  detector  will  be  exposed  to  high 
initial  concentrations,  high  sensitivity  is  relatively  less  important.  Following  detection,  identification  of  the  agent  is 
essential  to  deciding  what  course  of  action  to  take.  In  general,  it  takes  longer  to  identify  than  to  detect  an  agent. 

ACCESSION  NUMBER:  ADA1434083 

Azevedo,  S.G.;  et  al.  Landmine  detection  and  imaging  using  Micropower  Impulse  Radar 
(MIR).  Lawrence  Livermore  National  Lab.,  CA.  :  7  Aug  95.  8p. 

ABSTRACT:  The  Lawrence  Livermore  National  Laboratory  (LLNL)  has  developed  radar  and  imaging  technologies 
with  potential  applications  in  mine  detection  by  the  armed  forces  and  other  agencies  involved  in  determining  efforts. 
These  new  technologies  use  a  patented  ultra-wideband  (impulse)  radar  technology  that  is  compact,  low-cost,  and 
low  power.  Designated  as  Micropower  hnpulse  Radar,  these  compact,  self-contained  radars  can  easily  be 
assembled  into  arrays  to  form  complete  ground  penetrating  radar  imaging  systems.  LLNL  has  also  developed 
tomographic  reconstruction  and  signal  processing  software  capable  of  producing  high-resolution  2-D  and  3-D 
images  of  objects  buried  in  materials  like  soil  or  concrete  from  radar  data.  Preliminary  test  results  have  shown  that 
a  radar  imaging  system  using  these  technologies  has  the  ability  to  image  both  metallic  and  plastic  landmine 
surrogate  targets  buried  in  5  to  10  cm  of  moist  soil.  In  dry  soil,  the  system  can  detect  buried  objects  to  a  depth  of  30 
cm  and  more.  This  report  describes  our  initial  test  results  and  plans  for  future  work. 

REPORT  NUMBER:  UCRLID121669 
ACCESSION  NUMBER:  DE96000870 

_ .  Statement  of  capabilities:  Micropower  Impulse  Radar  (MIR)  technology  applied 

to  mine  detection  and  imaging.  Lawrence  Livermore  National  Lab.,  CA.:  13  Mar  95.  14p. 

ABSTRACT:  The  Lawrence  Livermore  National  Laboratory  (LLNL)  has  developed  radar  and  imaging  technologies 
with  potential  applications  in  mine  detection  by  the  armed  forces  and  other  agencies  involved  in  demining  efforts. 
These  new  technologies  use  a  patented  ultra-wideband  (impulse)  radar  technology  that  is  compact,  low-cost,  and 
low  power.  Designated  as  Micropower  Impulse  Radar,  these  compact,  self-contained  radars  can  easily  be 
assembled  into  arrays  to  form  complete  ground  penetrating  radar  imaging  systems.  LLNL  has  also  developed 
tomographic  reconstruction  and  signal  processing  software  capable  of  producing  high-resolution  2-D  and  3-D 
images  of  objects  buried  in  materials  like  soil  or  concrete  from  radar  data.  Preliminary  test  results  have  shown  that 
a  radar  imaging  system  using  these  technologies  has  the  ability  to  image  both  metallic  and  plastic  landmine 
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surrogate  targets  buried  in  5  to  10  cm  of  moist  soil.  In  dry  soil,  the  system  can  detect  buried  objects  to  a  depth  of  30 
cm  and  more.  This  report  describes  LLNL's  unique  capabilities  and  technologies  that  can  be  applied  to  the 
demining  problem. 

REPORT  NUMBER:  UCRLID120801 
ACCESSION  NUMBER:  DE95017714 

Balck,  H.  Translation  of  Taped  Conversation  with  General  Hermann  Balck,  12  January 
1979  and  Brief  Biographical  Sketch.  Special  rept.  Battelle  Columbus  Labs.,  OH.  Tactical 
Technology  Center.:  Jan  79.  64p. 

ABSTRACT:  This  document  is  a  transcript  of  an  interview  conducted  in  1979  with  General  Hermann  Balck,  who 
served  as  a  Commander  of  German  Panzer  Divisions  during  World  War  11.  The  question-and-answer  session 
includes  such  topics  as  effectiveness  of  the  U.S.,  German,  and  Russian  airforces,  air-ground  tactics,  use  of  mines, 
German  military  tradition,  armored  tactics,  armored  division  organization,  reconnaissance,  and  artillery. 

ACCESSION  NUMBER:  ADA160703 

Ballistic  Tests  of  Armor  Materials.  Final  report  on  test  operations  procedure. 

Army  Test  and  Evaluation  Command,  Aberdeen  Proving  Ground,  MD.:  7  Feb  84.  58p. 

ABSTRACT:  This  report  describes  methods  available  for  assessing  the  ability  of  armored  vehicle  armor  to  provide 
protection  against  attacking  projectiles  and  land  mines.  Tests  of  the  basic  armor  rather  than  tests  of  the  vehicle  are 
emphasized. 

ACCESSION  NUMBER:  ADA137873 

Bernhardt,  R.  and  R.  Chesney.  Description  of  the  DRES  (Defence  Research  Establishment 
Suffield)  Practice  Mine  Hardware.  Defence  Research  Establishment  Suffield,  Ralston 
(Alberta). :  Jul  88.  91p. 

ABSTRACT:  The  development  of  scatterable  mines  and  intelligent  mine  fuzes  featuring  full  width  attack  capabilities 
has  dramatically  changed  mine  warfare.  Unfortunately,  not  all  mine  training  devices  have  kept  pace  with  these 
developments.  A  distinction  must  be  made  at  this  point  between  those  training  mines  classified  as  drill  mines  and 
those  classified  as  practice  mines.  Drill  mines  are  used  to  train  engineer  troops  to  correctly  handle  mines,  while 
practice  mines  are  used  to  train  non-engineer  combat  troops  about  mine  warfare.  Drill  mines  therefore  simply  have 
to  mimic  the  arming  and  disarming  procedures  of  the  newer  types  of  mines;  they  do  not  have  to  offer  all  the  features 
of  these  advanced  mines  to  have  some  training  value.  The  practice  type  of  training  mine,  because  of  its  different 
training  role,  must  emulate  all  features  of  the  newer  mines.  However,  existing  practice  mines  do  not  do  this;  they 
are,  for  the  most  part,  unrealistic  in  form,  activation  mechanism,  and  result.  Because  of  this,  these  devices  have 
little  training  value,  and  consequently  the  troops  who  encounter  them  do  not  fully  appreciate  the  problems 
associated  with  mine  warfare.  Canada,  (jes) 
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Biddle,  S  .D.,  J.  Klare,  and  J.  Rosenfeld.  Military  Utility  of  Landmines:  Implications  for  Arms 
Control.  Final  rept.  Institute  for  Defense  Analyses,  Alexandria,  VA.  :  Jun  94.  76p. 

ABSTRACT:  This  briefing  evaluates  the  military  utility  of  landmines  in  high  intensity,  mechanized  land  warfare  and 
draws  implications  from  this  for  landmine  arms  control  While  military  utility  is  clearly  only  one  of  wide  range  of 
issues  bearing  on  the  advisability  of  any  particular  arms  control  proposal,  it  has  nevertheless  played  an  unusually 
important  role  in  the  debate  to  date.  While  IDA  is  continuing  a  broader  assessment  of  this  issue,  it  is  hoped  that  this 
more  narrowly  focused  analysis  will  shed  some  important,  if  necessary  partial,  light  on  that  broader  debate.  The 
basic  conclusion  of  the  briefing  is  that  issues  of  military  utility  in  high  intensity  conflict  need  not  preclude  further 
consideration  of  landmine  arms  control  A  rather  demanding  set  of  assumptions  and  preconditions  is  required  for 
the  military  utility  of  landmines  in  such  conflicts  to  be  so  high  as  to  make  arms  control  unworthy  of  further 
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consideration  requires  as  especially  demanding  set  of  assumptions  about  the  nature  of future  warfare.  It  is  far  from 
obvious  that  the  required  assumptions  can  be  sustained. 
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BM  1000  Mines  Developed  by  the  German  Air  Force.  Technical  rept. 

Naval  Technical  Mission  in  Europe.  :  Oct  45.  38p. 

ABSTRACT:  No  abstract  available. 
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Briggs,  B.D.  General  Computer  Program  for  Use  in  Determining  Track  Width 
Plow-Minefield  Effectiveness  Criteria.  Army  Mobility  Equipment  Research  and  Development 
Command,  Fort  Belvoir,  VA.  :  1973.  1  Ip.  [This  article  is  from  'Proceedings  of  the  Annual  U.S. 
Army  Operations  Research  Symposium  (12th),  2-5  October  1973.  Volume  I,'  AD-A125  989.] 

ABSTRACT:  The  U.S.  Army  Mobility  Equipment  Research  and  Development  Center  (USAMERDC)  has  developed  a 
computer  program  for  use  in  assessing  the  effectiveness  of  a  track  width  mine  clearing  plow  moving  through  an 
area  containing  mixed  mine  types/fuze  mechanisms.  This  program  includes  important  modifications  and  extensions 
of  some  of  the  methods  currently  used for  obtaining  countermeasure-minefield  effectiveness  criteria  and  yields 
statistical  information  that  cannot  be  determined from  other  existing  models.  The  approach  to  this  problem  makes 
use  of  a  Monte  Carlo  computer  simulation  technique  developed  at  the  USAMERDC.  Because  of  a  need  to 
investigate  current  and  future  threats  for  ascertaining  mine-target  interactions  within  a  minefield,  the  computer 
program  has  been  written  in  such  a  way  that  the  only  additional  coding  required  is  the  so-called  threat  subroutine, 
against  which  the  countermeasure  effectiveness  of  the  target  can  be  determined.  (Author) 
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Buhl,  M.R.;  et  al.  Dual-band,  infrared  buried  mine  detection  using  a  statistical  pattern 
recognition  approach.  Lawrence  Livermore  National  Lab.,  CA.:  Aug  93.  39p. 

ABSTRACT:  The  main  objective  of  this  work  was  to  detect  surrogate  land  mines,  which  were  buried  in  clay  and 
sand,  using  dual-band,  infrared  images.  A  statistical  pattern  recognition  approach  was  used  to  achieve  this 
objective.  This  approach  is  discussed  and  results  of  applying  it  to  real  images  are  given. 

REPORT  NUMBER:  UCRLIDl  14838 
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Campbell,  J.G.  Landmine  Detection  by  Scatter  Radiation  Radiography.  Final  rept. 

Army  Military  Personnel  Center,  Alexandria,  VA.  :  2  Jul  87.  564p. 

ABSTRACT:  The  application  of  scatter  radiation  radiography  to  the  detection  of  buried  nonmetallic  antitank 
landmines  is  examined.  A  combination  of  calculations  and  measurements  is  used  to  address  the  problem.  The 
primary  calculation  tool  is  a  Monte  Carlo  photon  transport  code.  Measurements  are  made  with  an  x-ray  source, 
sodium  iodide  detector,  and  soil  box  positioning  system.  The  soil  box  containing  a  model  of  a  nonmetallic  antitank 
mine  is  moved  beneath  the  x-ray  source  to  simulate  both  the  forward  motion  of  a  vehicle  transporting  the  detection 
system  and  raster  of  the  beam  to  search  a  path  of  sufficient  width  to  allow  safe  passage.  Measurements  are  used  to 
validate  the  calculation  results  for  a  small  detector  and  produce  images  of  buried  mines.  The  calculations  are 
extended  to  large  area  detectors  which  are  required  to  provide  path  searches  of  approximately  three  widths. 
Environmental  parameters,  such  as  height  sensitivity,  soil  density  and  moisture  content,  and  inhomogeneities  are 
examined  in  both  calculations  and  measurements.  Calculations  are  used  to  suggest  mine  detection  mechanisms  and 
to  optimize  geometric  parameters  and  x-ray  beam  quality.  Power  requirements  are  also  addressed. 

ACCESSION  NUMBER:  ADA182227 


A2-31 


Carpenter,  R.D.,  and  G.N.  Romstedt.  Counterobstacle  Vehicle  (COV)  Utility  Study.  Volume 
1.  Final  technical  rept.  Jan- Apr  86.  McLean  Research  Center,  Inc.,  VA.  :  May  86.  127p. 
ABSTRACT:  The  purpose  of  this  study  is  to  identify  and  evaluate  the  utility  of  a  single,  multi-purpose 
counterobstacle  system  on  the  future  battlefield.  The  study  is  accomplished  by  conducting  a  time-phased  analysis  of 
the  interrelationship  between  counterobstacle  equipment,  missions,  and  threats  over  a  30  year  period,  extending 
from  20  years  ago  to  10  years  in  the  future  (1965-1995).  The  analysis  involved  isolating  the  counterobstacle 
mission,  by  identifying,  in  priority,  the  functions  performed  in  accomplishing  that  mission.  A  data  base  was  then 
established  listing  US  Counterobstacle  equipment  developed  and  used  over  the  time  period,  together  with  the 
opposing  threat  capability  over  the  same  period.  These  capabilities  were  then  compared  in  light  of  the 
counterobstacle  mission.  Wargame  analysis  was  used  to  show  the  utility  of  the  counterobstacle  system  over  the 
timeframe,  and  to  evaluate  the  utility  of  a  single,  multicapable  system,  called  a  counterobstacle  vehicle  (COV)  for 
the  future.  The  findings  of  the  study  include  the  following:  -  The  COV  is  able  to  reduce  the  extra  losses  that  accrue 
to  an  attacker  from  a  minefield  by  one-third.  -  The  COV  can  improve  the  chance  of  successful  mission 
accomplishment  of  an  attacking  force  by  ten  percent.  . 

ACCESSION  NUMBER:  ADA169309 

Carroll,  P.W.  Mine  and  Booby  trap  Warfare:  Lessons  Forgotten.  Study  project.  Army  War 
Coll.,  Carlisle  Barracks,  PA.  :  29  Feb  88.  27p. 

ABSTRACT:  Low-intensity  conflict  has  brought  with  it  many  new  training  opportunities  in  the  methods  of  warfare. 
Considering  the  probability  of  involvement  at  this  end  of  the  spectrum  of  conflict,  we  must  revisit  some  of  the  lessons 
learned  over  the  past  wars  and  take  advantage  of  the  experience  gained  by  our  friends  and  allies.  This  study 
examines  the  experience  of  U.S.  forces  in  three  conflicts  and  tracks  the  changes  in  the  use  of  mines  and  boobytraps 
in  terms  of  casualties.  The  experiences  of  the  Thai  and  Malaysian  armies  in  current  hostilities  involving  mines  and 
boobytraps  is  also  studied.  The  purpose  is  to  highlight  a  potential  shortfall  in  our  current  training  emphasis  through 
an  examination  of  history,  probability  of  intensity  and  current  training  emphasis. 
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Charles  F.J.  Combat  Engineer  Equipment:  Achilles  Heel  in  the  Offense.  Student  essay. 

Army  War  Coll.,  Carlisle  Barracks,  PA.  7  Apr  86.  3  Ip. 

ABSTRACT:  There  is  some  question  whether  or  not  US  Army  combat  engineers  have  the  equipment  necessary  to 
provide  mobility  support  to  offensive  operations  as  would  be  found  in  Air  Land  Battle.  The  current  status  of 
engineer  equipment  and  its  shortcomings  are  described.  Recent  trends  in  research,  developmemt  and  acquisition  of 
engineer  equipment  to  provide  counter  obstacle  and  countermine  support  on  the  battlefield  are  discussed.  The 
inability  ofengineeers  to  obtain  the  priority  and  funds  needed  to  modernize  their  equipment  is  attributed  to  a 
general  lack  of  understanding  and  appreciation  of  the  necessity  of  engineer  support  in  the  offense.  To  counter  this 
condition  the  need  to  retain  the  initiative  in  the  offense,  the  nature  of  the  Soviet  threat,  and  weaknesses  in  realistic 
combat  engineer  combined  arms  training  are  cited.  The  conclusion  is  that  weaknesses  in  combat  engineering 
equipmemt  can  be  overcome  only  with  support  of  the  other  combat  arms  who  must  carefully  weight  the  risks 
incurred  during  offensive  operations  if  engineer  equipment  does  not  complement  the  modernize  systems  of  the 
combined  arms  team.  (Author) 
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Chotiros,  Nicholas  P.,  et  al.  Physics  of  Buried  Mine  Detection  and  Classification.  Final 
technical  rept.  Texas  Univ.  at  Austin.  Applied  Research  Labs.:  12  May  95.  15p. 

ABSTRACT:  The  physics  of  buried  mine  detection  in  offshore  sediments  and  in  the  surf  zone  was  investigated. 
Optical  techniques  are  useless  because  they  cannot  penetrate  sediments  while  magnetic  techniques  are  of  low  value 
because  of  low  resolution,  short  range,  and  the  introduction  of  non-magnetic  mines.  For  buried  mine  detection  in 
the  off-shore  sediment  acoustic  penetration  at  shallow  grazing  angles  was  explored.  An  experiment  was  conducted 
jointly  with  SACLANTCEN  to  measure  sound  propagation  into  a  sediment  in  the  500  Hz  to  2  kHz  band,  and  a 
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theoretical  fast  field  model  was  developed  to  model  the  penetration.  In  the  surf  zone,  where  bubble  clouds  are 
expected  to  render  acoustic  methods  unreliable,  seismic  sonar  methods  were  explored  as  a  means  to  echo  range  off 
buried  targets.  Tests  with  controlled  pulses  revealed  that  the  far-field  response  was  dominated  by  two  interface 
waves.  The  results  have  been  very  encouraging. 
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Clark, G. A.;  et  al.  Computer  vision  and  sensor  fusion  for  detecting  buried  objects.  Lawrence 
Livermore  National  Lab.,  CA.:  Oct  92.  7p.  [Annual  Asilomar  conference  on  signals,  systems, 
and  computers  (26th),  Pacific  Grove,  CA  (United  States),  25-30  Oct  1992.] 

ABSTRACT:  Given  multiple  images  of  the  surface  of  the  earth  from  dual-band  infrared  sensors,  our  system  fuses 
information  from  the  sensors  to  reduce  the  effects  of  clutter  and  improve  the  ability  to  detect  buried  or  surface 
target  sites.  Supervised  learning  pattern  classifiers  (including  neural  networks,)  are  used.  We  present  results  of 
experiments  to  detect  buried  land  mines  from  real  data,  and  evaluate  the  usefulness  of fusing  information  from 
multiple  sensor  types.  The  novelty  of  the  work  lies  mostly  in  the  combination  of  the  algorithms  and  their  application 
to  the  very  important  and  currently  unsolved  problem  of  detecting  buried  land  mines  from  an  airborne  standoff 
platform. 

REPORT  NUMBER:  UCRLJC112103,  CONF92102314 
ACCESSION  NUMBER:  DE93012605 

_ .  Computer  vision  for  locating  buried  objects.  Lawrence  Livermore  National  Lab.,  CA. 

:  Nov  91.  7p.  [Asilomar  conference  on  signals,  systems  and  computers.  Pacific  Grove,  CA 
(United  States),  4-6  Nov  1991.] 

ABSTRACT:  Given  two  registered  images  of  the  earth,  measured  with  aerial  dual-band  infrared  (IR)  sensors,  we 
use  advanced  computer  vis  ion/automatic  target  recognition  techniques  to  estimate  the  positions  of  buried  land 
mines.  The  images  are  very  difficult  to  interpret,  because  of  large  amounts  of  clutter.  Conventional  techniques  use 
single-band  imagery  and  simple  correlations.  They  rely  heavily  on  the  judgment  of  the  human  doing  the 
interpretation,  and  give  unsatisfactory  results  with  difficult  data  sets  of  the  type  we  analyzed.  Our  automatic 
algorithms  are  able  to  eliminate  most  of  the  clutter  and  give  greatly  improved  indications  of  regions  in  the  image 
that  could  be  interpreted  as  mines.  The  novelty  of  our  approach  lies  in  the  following  aspects:  (1)  a  patented  data 
fusion  technique  using  two  IR  images  and  physical  principles  based  on  Planck's  law,  (2)  a  new  region-based  texture 
segmentation  algorithm  using  Gabor  Transform  features  and  a  clustering/thresholding  algorithm  based  on  a  neural 
network  (Self-Organizing  Feature  Map),  (3)  Prior  knowledge  of  measured feasible  temperatures  and  emissivities, 
and  (4)  results  with  real  data  using  buried  surrogate  mines. 

REPORT  NUMBER:  UCRLJC107626,  CONF91111012 
ACCESSION  NUMBER:  DE92013979 

_ .  Data  fusion  for  the  detection  of  buried  land  mines.  Lawrence  Livermore  National 

Lab.,  CA.  :  Oct  93.  13p.  [International  symposium  on  substance  identification  technologies, 
Innsbruck  (Austria),  4-8  Oct  1993.] 

ABSTRACT:  The  authors  conducted  experiments  to  demonstrate  the  enhanced  delectability  of  buried  land  mines 
using  sensor  fusion  techniques.  Multiple  sensors,  including  imagery,  infrared  imagery,  and  ground  penetrating 
radar,  have  been  used  to  acquire  data  on  a  number  of  buried  mines  and  mine  surrogates.  The  authors  present  this 
data  along  with  a  discussion  of  the  application  of  sensor  fusion  techniques  for  this  particular  detection  problem. 

The  authors  describe  the  data  fusion  architecture  and  discuss  some  relevant  results  of  these  classification  methods. 

REPORT  NUMBER:  UCRLJC114623,  CONF93101649 
ACCESSION  NUMBER:  DE94006189 
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_ .  Detection  of  buried  objects  by  fusing  dual-band  infrared  images.  Lawrence 

Livermore  National  Lab.,  CA.  :  Nov  93.  13p.  [Institute  of  Electrical  and  Electronic  Engineers 
(IEEE)  asilomar  conference  on  signals,  systems,  and  computers,  Pacific  Grove,  CA  (United 
States),  1-3  Nov  1993.] 

ABSTRACT:  We  have  conducted  experiments  to  demonstrate  the  enhanced  detectability  of  buried  land  mines  using 
sensor  fusion  techniques.  Multiple  sensors,  including  visible  imagery,  infrared  imagery,  and  ground  penetrating 
radar  (GPR),  have  been  used  to  acquire  data  on  a  number  of  buried  mines  and  mine  surrogates.  Because  the  visible 
wavelength  and  GPR  data  are  currently  incomplete.  This  paper  focuses  on  the  fusion  of  two-band  infrared  images. 
We  use  feature-level  fusion  and  supervised  learning  with  the  probabilistic  neural  network  (PNN)  to  evaluate 
detection  performance.  The  novelty  of  the  work  lies  in  the  application  of  advanced  target  recognition  algorithms, 
the  fusion  of  dual-band  infrared  images  and  evaluation  of  the  techniques  using  two  real  data  sets. 

REPORT  NUMBER:  UCRLJC114321,  CONF93111355 
ACCESSION  NUMBER:  DE94008286 

_ .  Land  mine  detection  using  multispectral  image  fusion.  Lawrence  Livermore 

National  Lab.,  CA. :  29  Mar  95.  12p.  [Symposium  on  autonomous  vehicles  in  mine 
countermeasures,  Monterey,  CA  (United  States),  3-7  Apr  1995.  ] 

ABSTRACT:  Our  system  fuses  information  contained  in  registered  images  from  multiple  sensors  to  reduce  the 
effects  of  clutter  and  improve  the  ability  to  detect  surface  and  buried  land  mines.  The  sensor  suite  currently  consists 
of  a  camera  that  acquires  images  in  six  bands  (400nm,  500nm,  600nm,  700nm,  800nm  and  900nm).  Past  research 
has  shown  that  it  is  extremely  difficult  to  distinguish  land  mines  from  background  clutter  in  images  obtained from  a 
single  sensor.  It  is  hypothesized,  however,  that  information  fused  from  a  suite  of  various  sensors  is  likely  to  provide 
better  detection  reliability,  because  the  suite  of  sensors  detects  a  variety  of physical  properties  that  are  more 
separable  in  feature  space.  The  materials  surrounding  the  mines  can  include  natural  materials  (soil,  rocks,  foliage, 
water,  etc.)  and  some  artifacts.  We  use  a  supervised  learning  pattern  recognition  approach  to  detecting  the  metal 
and  plastic  land  mines.  The  overall  process  consists  of four  main  parts:  Preprocessing,  feature  extraction,  feature 
selection,  and  classification.  These  parts  are  used  in  a  two  step  process  to  classify  a  subimage.  We  extract  features 
from  the  images,  and  use  feature  selection  algorithms  to  select  only  the  most  important  features  according  to  their 
contribution  to  correct  detections.  This  allows  us  to  save  computational  complexity  and  determine  which  of  the 
spectral  bands  add  value  to  the  detection  system.  The  most  important  features  from  the  various  sensors  are  fused 
using  a  supervised  learning  pattern  classifier  (the  probabilistic  neural  network).  We  present  results  of  experiments 
to  detect  land  mines  from  real  data  collected  from  an  airborne  platform,  and  evaluate  the  usefulness  of fusing 
feature  information  from  multiple  spectral  bands. 

REPORT  NUMBER:  UCRLJC120710,  CONF95041544 
ACCESSION  NUMBER:  DE95017825 

_ .  Multispectral  image  fusion  for  detecting  land  mines.  Lawrence  Livermore  National 

Lab.,  CA.:  Apr  95.  17p.  [SPIE  international  symposium  on  aerospace/defense  sensing  and 
dual-use  photonics,  Orlando,  FL  (United  States),  17-21  Apr  1995.] 

ABSTRACT:  This  report  details  a  system  which  fuses  information  contained  in  registered  images  from  multiple 
sensors  to  reduce  the  effects  of  clutter  and  improve  the  ability  to  detect  surface  and  buried  land  mines.  The  sensor 
suite  currently  consists  of  a  camera  that  acquires  images  in  six  bands  (400nm,  500nm,  600nm,  700nm,  800nm  and 
900nm).  Past  research  has  shown  that  it  is  extremely  difficult  to  distinguish  land  mines  from  background  clutter  in 
images  obtained  from  a  single  sensor.  It  is  hypothesized,  however,  that  information  fused  from  a  suite  of  various 
sensors  is  likely  to  provide  better  detection  reliability,  because  the  suite  of  sensors  detects  a  variety  of  physical 
properties  that  are  more  separable  in  feature  space.  The  materials  surrounding  the  mines  can  include  natural 
materials  (soil,  rocks,  foliage,  water,  etc.)  and  some  artifacts. 

REPORT  NUMBER:  UCRLJC120319,  CONF95047222 
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_ .  Sensor  feature  fusion  for  detecting  buried  objects.  Lawrence  Livermore  National 

Lab.,  CA.:  Apr  93.  13p.  [Society  of  Photo-Optical  Instrumentation  Engineers  (SPIE) 
OE/aerospace  science  and  sensing  meeting,  Orlando,  FL  (United  States),  1 1-16  Apr  1993.] 

ABSTRACT:  Given  multiple  registered  images  of  the  earth's  surface  from  dual-band  sensors,  our  system  fuses 
information  from  the  sensors  to  reduce  the  effects  of  clutter  and  improve  the  ability  to  detect  buried  or  surface 
target  sites.  The  sensor  suite  currently  includes  two  sensors  (5  micron  and  10  micron  wavelengths)  and  one  ground 
penetrating  radar  (GPR)  of  the  wide-band  pulsed  synthetic  aperture  type.  We  use  a  supervised  teaming  pattern 
recognition  approach  to  detect  metal  and  plastic  land  mines  buried  in  soil  The  overall  process  consists  of four  main 
parts:  Preprocessing,  feature  extraction,  feature  selection,  and  classification.  These  parts  are  used  in  a  two  step 
process  to  classify  a  subimage.  The  first  step,  referred  to  as  feature  selection,  determines  the  features  of  sub-images 
which  result  in  the  greatest  separability  among  the  classes.  The  second  step,  image  labeling,  uses  the  selected 
features  and  the  decisions  from  a  pattern  classifier  to  label  the  regions  in  the  image  which  are  likely  to  correspond 
to  buried  mines.  We  extract  features  from  the  images,  and  use  feature  selection  algorithms  to  select  only  the  most 
important  features  according  to  their  contribution  to  correct  detections.  This  allows  us  to  save  computational 
complexity  and  determine  which  of  the  sensors  add  value  to  the  detection  system.  The  most  important  features  from 
the  various  sensors  are  fused  using  supervised  teaming  pattern  classifiers  (including  neural  networks).  We  present 
results  of  experiments  to  detect  buried  land  mines  from  real  data,  and  evaluate  the  usefulness  of fusing  feature 
information  from  multiple  sensor  types,  including  dual-band  infrared  and  ground  penetrating  radar.  The  novelty  of 
the  work  lies  mostly  in  the  combination  of  the  algorithms  and  their  application  to  the  very  important  and  currently 
unsolved  operational  problem  of  detecting  buried  land  mines  from  an  airborne  standoff platform. 

REPORT  NUMBER:  UCRLJCl  13727,  CONF93044522 
ACCESSION  NUMBER:  DE9301866 

Dashcund,  D.  IRAAM  Wind  Tunnel  Test.  Task  III.  Final  technical  rept.  Avco  Systems  Div., 
Wilmington,  MA.:  30  Aug  83.  63p. 

ABSTRACT:  A  deceleration,  orientation  and  stabilization  system  for  the  deployment  of  the  anti-armor  mine 
(IRAAM)  submunition  was  developed  and  tested  at  the  Wright-Patterson  vertical  wind  tunnel  facility.  The  system 
employs  a  flexible  samara  airfoil  with  a  tip  mass  arranged  to  provide  the  proper  spin  rate,  descent  rate  and  coning 
angle.  Samara  wings  of  KEVLAR  material  were  fabricated  using  a  flat  webbing  construction  and  also  a 
construction  consisting  of  KEVLAR  cords  enclosed  in  a  nylon  envelope.  Blades  varied  in  both  area  and  planform 
aspect  ratio.  Blade  spans  ranged  from  2.5  to  10.0  inches.  Blade  widths  varied  from  2  to  4  inches.  All  of  the  IRAAM 
models  used for  testing  were  dimensionally  full  scale.  One  model  of  the  nominal  configuration  was  full  weight.  The 
other  two  models  were  half  weight.  The  tip  weight  varied  up  to  5%  of  the  model  weight.  The  test  program  is 
outlined.  All  test  procedures  and  equipment  are  described.  The  test  results  are  analyzed  and  recommendations  are 
made  for  future  developmental  studies.  (Author) 

ACCESSION  NUMBER:  ADA135256 

Dean,  A.M.,  and  C.R.  Martinson.  Mine  Detection  Using  Non-Sinusoidal  Radar.  Part  1. 

Spatial  Analysis  of  Laboratory  Test  Data.  Special  rept.  Cold  Regions  Research  and 
Engineering  Lab.,  Hanover,  NH.  :  Aug  84.  105p. 

ABSTRACT:  The  interaction  among  UHF  radiation,  winter  roadway  conditions  and  buried  mines  was  investigated 
in  a  refrigerated  facility.  The  near-field  spatial  return  from  each  target  was  unique.  When  the  target  was  not  in  the 
near  field  the  spatial  return  was  not  at  all  unique.  Cobbles  in  the  medium  had  little  effect,  but  surface-thawed 
conditions  significantly  affected  the  spatial  return,  and  the  reflected  signal  strength  and  frequency  content.  The 
primary  frequency  content  of  the  returned  signal  was  either  spread  over  a  band  broader  than  that  of  the  transmitted 
primary  frequencies,  or  completely  outside  of  the  primary  detection  band.  We  conclude  that  the  complexity  of  winter 
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roadway  conditions  requires  (I)  a  much  broader  frequency  band  than  is  currently  being  considered,  and  (2)  a  more 
complex  and  adaptive  background-removal,  signal-enhancement  scheme  than  is  currently  used.  Further,  more  data 
are  required  describing  the  interaction  of  the  winter  media,  UHF  radiation,  and  buried  mines  so  that  adequate 
detection  instrumentation  can  be  developed. 

ACCESSION  NUMBER:  ADA150471 

Dean,  K.J.,  and  J.A.  Christians.  Battlefield  Related  Evaluation  and  Analysis  of  Countermine 
Hardware  (BREACH).  Army  Mobility  Equipment  Research  and  Development  Command,  Fort 
Belvoir,  VA.:  1973.  1  Ip.  [This  article  is  from  'Proceedings  of  the  Annual  U.S.  Army  Operations 
Research  Symposium  (12th),  2-5  October  1973.  Volume  I,'  AD-A125  989.  ] 

ABSTRACT:  This  paper  presents  the  methodology  being  used  at  MERDC  to  describe  and  evaluate  the  effectiveness 
of  the  integrated family  of  countermine  equipment.  The  scenarios  and  hierarchy  of  models  used  to  determine 
systems  effectiveness  and  operational  feasibilities  are  described.  The  essential  countermine  missions  of  the  Army  are 
examined  along  with  a  comparative  evaluation  of  a  typical  baseline  system.  (Author) 

ACCESSION  NUMBER:  ADP000615 

Del  Grande,  N.  Sensor  fusion  methodology  for  remote  detection  of  buried  land  mines. 

Lawrence  Livermore  National  Lab.,  CA. ;  Apr  90.  20p.  [National  symposium  on  sensor  fusion 
(3rd),  Orlando,  FL  (USA),  16-20  Apr  1990.  ] 

ABSTRACT:  We  are  investigation  a  sensor  fusion  methodology  for  remote  detection  of  buried  land  mines.  Our 
primary  approach  is  sensor  intrafusion.  Our  dual-channel  passive  IR  methodology  decouples  true  (corrected) 
surface  temperature  variations  of  0.2(degree)C  from  spatially  dependent  surface  emissivity  noise.  It  produces 
surface  temperature  maps  showing  patterns  of  conducted  heat  from  buried  objects  which  heat  and  cool  differently 
from  their  surroundings.  Our  methodology  exploits  Planck's  radiation  law.  It  produces  separate  maps  of  surface 
emissivity  variations  which  allow  us  to  reduce  false  alarms.  Our  secondary  approach  is  sensor  interfusion  using 
other  methodologies.  For  example,  an  active  IR  CO(sub  2)  laser  reflectance  channel  helps  distinguish  surface 
targets  unrelated  to  buried  land  mines  at  night  when  photographic  methods  are  ineffective.  Also,  the  interfusion  of 
ground  penetrating  radar  provides  depth  information  for  confirming  the  site  of  buried  objects.  Together  with  EG&G 
in  Las  Vegas,  we  flew  a  mission  at  Nellis  AFB  using  the  Daedalus  dual-channel  (5  and  10  micron)  IR  scanner 
mounted  on  a  helicopter  platform  at  an  elevation  of  60  m  above  the  desert  sand.  We  detected  surface  temperature 
patterns  associated  with  buried  (inert)  land  mines  covered  by  as  much  as  1 0  cm  of  dry  sand.  The  respective  spatial, 
spectral,  thermal,  emissivity  and  temporal  signatures  associated  with  buried  targets  differed  from  those  associated 
with  surface  vegetation,  rocks  and  manmade  objects.  Our  results  were  consistent  with  predictions  based  on  the 
annual  Temperature  Wave  Model.  They  were  confirmed  by  field  measurements.  The  dual-channel  sensor  fusion 
methodology  is  expected  to  enhance  the  capabilities  of  the  military  and  industrial  community  for  standoff  mine 
detection.  Other  important  potential  applications  are  open  skies,  drug  traffic  control  and  environmental  restoration 
at  waste  burial  sites.  II  figs. 

REPORT  NUMBER:  UCRLJC103626,  CONF9004188I 
ACCESSION  NUMBER:  DE900I0633 

_ .  Temperature  Evaluated  Mine  Position  Survey  (TEMPS)  application  of  dual-band 

infrared  methodology.  Lawrence  Livermore  National  Lab.,  CA.;  Mar  90.  20p.  [  IRIS  Specialty 
Group  meeting  on  passive  sensors  and  atmospheric  physics.  Laurel,  MD  (USA),  13  Mar  1990.  ] 
ABSTRACT:  We  are  investigating  a  temperature  evaluated  mine  position  survey  (TEMPS)  for  remote  detection  of 
buried  land  mines.  The  TEMPS  methodology  uses  two  passive  IR  channels  peaked  near  5  and  10  microns  to 
decouple  temperature  from  emissivity  related  effects.  The  true  (corrected)  temperature  maps  show  surface 
temperature  variations  of  0.2(degree)C.  Corrections  are  made  for  air-path  interference  and  reflected  sky  radiation. 
We  exploit  a  property  of  Planck's  radiation  law  which  applies  for  small  temperature  excursions  from  288  K.  The 
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radiant  emittance  is  proportional  to  emissivity  times  absolute  temperature  to  the  power  of  (50/wavelength  in 
microns).  Our  corrected  temperature  maps  show  patterns  of  conducted  heat  generated  by  buried  objects  which  heat 
and  cool  at  different  rates  than  the  surrounding  materials.  These  patterns  are  distinguished  from  the  patterns 
produced  by  surface  objects.  Their  respective  spatial,  spectral,  thermal,  emissivity  and  temporal  signatures  differ. 
EG  &  G  flew  a  dual-band  IR  scanner  at  60  m  for  our  demonstration  of  the  TEMPS  methodology  at  Nellis  AFB.  We 
detected  simulated  mine  targets  covered  by  10  cm  of  dry  sand.  Optimization  of  this  technology  is  expected  to 
enhance  the  capabilities  of  the  military  community  for  standoff  mine  detection  and  other  applications.  9  refs.,  II 
figs.,  I  tab. 

REPORT  NUMBER:  UCRLJC103264,  CONF9003963 
ACCESSION  NUMBER:  DE90009182 

Del  Grande,  N.K.;  et  al.  Buried  object  remote  detection  technology  for  law  enforcement. 

Lawrence  Livermore  National  Lab.,  CA.:  Mar  91.  28p.  [SPIE  International  Symposium  on 
Optical  Engineering  and  Photonics  in  Aerospace  Sensing,  Orlando,  FL  (USA),  1-5  Apr  1991.] 

ABSTRACT:  We  have  developed  a  precise  airborne  temperature-sensing  technology  to  detect  buried  objects  for  use 
by  law  enforcement.  Demonstrations  have  imaged  the  sites  of  buried foundations,  walls  and  trenches;  mapped 
underground  waterways  and  aquifers;  and  been  used  to  locate  underground  military  objects.  Our  patented 
methodology  is  incorporated  in  a  commercially  available,  high  signal-to-noise,  dual-band  infrared  scanner  with 
real-time,  12 -bit  digital  image  processing  software  and  display.  Our  method  creates  color-coded  images  based  on 
surface  temperature  variations  of  0.2  (degrees)C.  Unlike  other  less-sensitive  methods,  it  maps  true  (corrected) 
temperatures  by  removing  the  (decoupled)  surface  emissivity  mask  equivalent  to  1  (degrees)C  or  2(degrees)C;  this 
mask  hinders  interpretation  of  apparent  (blackbody)  temperatures.  Once  removed,  were  are  able  to  identify  surface 
temperature  patterns  from  small  diffusivity  changes  at  buried  object  sites  which  heat  and  cool  differently  from  their 
surroundings.  Objects  made  of  different  materials  and  buried  at  different  depths  are  identified  by  their  unique 
spectra,  spatial,  thermal,  temporal,  emissivity  and  diffusivity  signatures.  We  have  successfully  located  the  sites  of 
buried  (inert)  simulated  land  mines  0.1  to  0.2  m  deep;  sod-covered  rock  pathways  alongside  dry  ditches,  deeper 
than  0.2  m;  pavement  covered  burial  trenches  and  cemetery  structures  as  deep  as  0.8  m;  and  aquifers  more  than  6 
m  and  less  60  m  deep.  Our  technology  could  be  adapted for  drug  interdiction  and  pollution  control.  16  refs.,  14  figs. 

REPORT  NUMBER:  UCRLJC104637,  CONF91045013 
ACCESSION  NUMBER:  DE91013587 

Delaney,  J.E.  Apparatus  for  Clearing  Mines.  Patent.  Department  of  the  Navy,  Washington, 
DC.:  Filed  4  Jun  92,  patented  29  Jun  93.  15p. 

ABSTRACT:  An  abstract  is  provided  which  is  capable  of  clearing  encased  explosives  such  as  land  mines.  This 
apparatus  combines  a  shaped  charge  jet  with  a  plate  penetrator.  A  depression  is  formed  in  a  column  of  a  first 
explosive  material.  The  depression  is  provided  with  a  metal  liner  such  that  detonation  of  the  first  explosive  material 
forms  a  shaped  charge  jet.  The  shaped  charge  jet  passes  through  a  hole  in  a  plate  penetrator  and  exits  the  device 
without  detonating  a  second  explosive  material.  The  shaped  charge  jet  strikes  the  ground  and  imparts  kinetic 
energy.  As  the  energy  in  the  shaped  charge  jet  is  consumed,  the  second  explosive  material  detonates  and  drives  the 
plate  penetrator  to  supersonic  velocities.  Since  shaped  charge  jet  velocity  exceeds  the  detonation  velocity  of  the 
second  explosive  material,  the  shaped  charge  jet  clears  a  path  ahead  of  the  plate  penetrator.  This  results  in  higher 
velocity  when  the  plate  penetrator  impacts  the  encased  explosive,  and  consequently  a  greater  chance  of  inducing 
explosion  and  neutralization. 

REPORT  NUMBER:  PATENT5223666 

DeLony,  J.W.  Tactical  Mobility  and  the  In-Stride  Obstaele  Breach:  Impossible,  Probable, 
Futuristic.  Army  Command  and  General  Staff  Coll.,  Fort  Leavenworth,  KS.  School  of 
Advanced  Military  Studies.:  29  Nov  88.  72p. 
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ABSTRACT:  This  monograph  analyzes  the  concept  of  an  in-stride  breach  of  an  obstacle  by  a  tactical  maneuver 
force.  Its  focus  is  on  a  historical  and  current  review  of  the  tactical  doctrines  of  the  U.S.  and  Soviet  armies 
development  of  tactics,  equipment,  and  force  structure  to  execute  an  in-stride  breach  of  an  obstacle  concurrent  to 
sustaining  the  momentum  of  a  maneuver  force.  Given  the  friction  of  terrain  and  combined  arms  operations,  the 
paper  seeks  to  answer  whether  the  in-stride  obstacle  breach  is  possible  for  either  force  on  today's  battlefield.  The 
study  begins  with  a  discussion  of  tactical  mobility  theory  associated  with  an  in-stride  obstacle  breach.  Historical 
experiences  and  doctrine  for  breaching  obstacles  from  World  War  II  are  presented for  the  U.S.  and  the  Soviets. 
Current  doctrine,  equipment,  and force  structure  for  the  two  armies  are  reviewed for  analysis  and  comparisons. 
Conclusions  as  to  the  strengths  and  weaknesses  of  each  army's  capability  to  conduct  an  in-stride  obstacle  breach 
are  made.  A  final  section  of  recommendations  for  future  U.S.  Airland  Battle  in-stride  obstacle  breach  operations  is 
presented,  (sdw) 

ACCESSION  NUMBER:  ADA221445 

Detection  of  Remote  Minefields  Project  Plan  I.  Environmental  Research  Inst,  of  Michigan, 
Ann  Arbor.;  15  Dec  78.  124p. 

ABSTRACT:  The  objective  of  the  minefield  detection  project  is  to  determine  the  effectiveness  of  remote  sensing 
systems  and  other  methods  of  detecting  and  identifying  mines,  minefields,  minelaying  equipment,  or  minelaying 
operations,  and  to  recommend  continuing  effort  on  the  most  promising  this  research  and  development  program. 

This  first  project  plan  (Plan  I)  defines  the  work  to  be  performed  during  the  contract  period  with  primary  emphasis 
on  the  first  years'  effort.  The  project  effort  will  concentrate  on  the  European  Theater  of  Operations.  The  terrain  of 
interest  is  the  West  German  border  areas  which  are  generally  exemplified  by  flat  plains  to  the  north  and  rolling 
terrain  to  the  south.  Primary  emphasis  will  be  placed  on  detecting  and  identifying  anti-tank  (AT)  and  anti-vehicular 
(A  V)  mines,  and  will  be  directed  toward  hasty  mining  and  minefields  associated  with  tactical  offensive  operations 
(i.e.,  surface  mines).  Minefields  may  be  detected  by  both  direct  observation  or  by  inferential  observations,  and  both 
approaches  will  be  investigated.  Work  under  the  project  concerned  with  each  of  the  concepts  to  be  investigated  will 
be  performed  in  a  sequence  of  four  major  tasks:  (1)  identification  and  screening  of  promising  techniques;  (2) 
preliminary  systems  analysis  and  definition  of  experimental  or  other  data  acquisitions  systems;  (3)  acquisition  of 
critical  data  through  experiment,  literature  survey,  or  access  to  SCI;  and  (4)  evaluation  of  conceptual  systems  for 
technical  and  military  usefulness.  Four  major  scenarios  for  Soviet  mine  warfare  operations  have  been  adopted for 
analytical  purposes. 

ACCESSION  NUMBER:  ADA172476 

Dillencourt-M.B.;  et  al.  Expert  System  for  Minefield  Site  Prediction.  Phase  1.  Annual 
technical  rept.  Feb  87-Jan  88.  PAR  Government  Systems  Corp.,  Reston,  VA.:  Feb  88.  46p. 
ABSTRACT:  The  software  design  of  the  prototype  Minefield  Site  Prediction  Expert  Systems  (MSPES)  is  described. 
The  ultimate  goal  of  the  system  is  to  emulate  the  role  of  a  terrain  analyst  in  predicting  likely  mine  sites.  The  major 
components  of  the  system  are  the  inference  system,  the  geographic  information  system,  and  the  user  interface.  The 
inference  system  is  driven  by  a  goal-directed  backward  chaining  mechanisms.  The  geographic  information  system  is 
based  on  quadtrees.  The  user  interface  is  menu-driven,  and  is  based  on  an  object-oriented  graphics  package.  This 
report  describes  the  implementation  of  the  prototype  system.  It  also  contains  recommendations  for  the  operational 
system,  based  on  an  evaluation  of  the  prototype  system.  Descriptions  of  data  format  conversion  capabilities,  a 
detailed  description  of  the  geographic  processing  algorithms,  and  a  complete  listing  of  the  rulebase  are  included  as 

appendices. 

ACCESSION  NUMBER:  ADA192990 

Disposal  of  Chemical  Munitions  and  Agents.  National  Research  Council,  Washington,  DC.: 
Committee  on  Demilitarizing  Chemical  Munitions  and  Agents,  1984.  234p. 

ABSTRACT:  For  more  than  half  a  century,  the  United  States  has  maintained  a  stockpile  of  highly  toxic  chemical 
agents  and  munitions  for  possible  use  in  a  -wartime  situation.  The  United  States  maintains  its  stockpile  principally  to 


A2-38 


deter  other  countries  from  using  such  munitions  against  U.S.  forces.  Four  basic  chemicals  are  kept.  These  are  the 
nerve  agents  VX,  which  is  persistent  in  its  effects,  and  sarin  (GB),  *  which  is  nonpersistent;  the  mustard  agents  H, 
HD,  and  HT,  which  are  usually  referred  to  simply  as  H;  and  the  hallucinogenic  agent  BZ.  These  chemical  agents 
are  stored  at  eight  U.S.  Army  depots  in  the  Continental  United  States  as  well  as  on  Johnston  Atoll  in  the  Pacific 
Ocean.  The  latter  depot  was  not  a  part  of  this  study.  Each  depot  varies  in  size,  in  the  type  and  number  of  agents  and 
munitions  in  storage,  and  in  its  proximity  to  offsite  civilian  populations.  Moreover,  the  agents  are  kept  in  a  variety 
of  containers  and  munitions-rockets,  land  mines,  artillery  and  mortar  shells,  bombs  and  spray  tanks,  and  bulk 
containers. 

ACCESSION  NUMBER:  ADA148584 

Evaluation  of  Individual  Demonstrator  Performance  at  the  Unexploded  Ordnance 
Advanced  Technology  Demonstration  Program  at  Jefferson  Proving  Ground  (Phasel). 

Report  for  Aug  93-Dec  94.1ndian  Head,  MD:  Naval  Explosive  Ordnance  Disposal  Technology 
Center,  Indian  Head,  Mar  95.  194p.  Prepared  in  collaboration  with  Institute  for  Defense 
Analyses,  Alexandria,  VA 

Abstract:  The  data  contained  in  this  report  is  a  supplement  to  report  SFIM-AEC-ET-CR-94I20,  "Unexploded 
Ordnance  Advanced  Technology  Demonstration  Program  at  Jefferson  Proving  Ground  (Phase  I). "  This  report 
provides  a  further  analysis  of  the  individual  demonstrators  and  the  performance  of  their  systems  when  used  to 
detect,  identify  and/or  remedy  buried  unexploded  ordnance  under  realistic,  controlled  conditions. 

ACCESSION  NUMBER  ADA295074 

Expert  System  to  Help  Assess  Tactical  Air  Readiness  and  Capability.  Phase  1  Report. 

Synergy,  Inc.,  Washington,  DC.;  30  May  86.  97p.  [See  also  Appendices,  AD-A173  698  - 
AD-A173  700.  Prepared  in  cooperation  with  Systems  Research  and  Applications  Corp., 
Arlington,  VA.] 

ABSTRACT:  Being  built  is  a  demonstration  expert  system  that  allows  users  to  ask  questions  in  English  about  major 
resources  and  their  effects  on  U.S.  tactical  aircraft  sorties  in  central  Europe.  The  system  will  handle  two  types  of 
questions.  The  first  are  those  that  require  understanding  the  request,  knowing  what  data  bases  (if  any)  to  search, 
searching  those  data  bases,  selecting  the  right  piece  of  information,  and  presenting  the  answer  to  a  user  in  a  format 
he  wants.  The  second  type  are  those  questions  that  require  substantive  expertise  and  thinking  to  answer  (i.e.,  those 
that  require  both  an  intelligent  search  for  information  and  expert  analysis  of  that  information).  The  demonstration 
system  will  answer  questions  drawing  on  6  types  of  information:  1)  Characteristics  of  U.S.  tactical  aircraft  in 
Europe;  2)  The  specific  missions  those  aircrafts  fly;  3)  The  number  and  type  of  conventional  munitions  associated 
with  U.S.  tactical  aircraft;  4)  Availability  of  and  POL  requirements  for  U.S.  tactical  aircraft;  5)  Aircrew  status  and 
availability;  and  6)  Status  and  descriptions  of  4  U.S.  tactical  airfields  (Spangdahlem,  Bitburg,  Hahn,  Ramstein). 

ACCESSION  NUMBER:  ADA173697 

Fitch,  V.L.,  and  L.  Lederman.  Air-Sown  Mines  for  the  Massive  Barrier.  Research  paper. 
Institute  for  Defense  Analyses,  Alexandria,  VA.  Jason  Div.:  May  67.  7p. 

ABSTRACT:  A  discussion  of  a  series  of  air-sown  mines  designed  to  complement  the  use  of  gravel  mines  and  to  be 
sown  densely  along  wider  trails  and  roads  is  presented.  The  basic  design  is  a  pencil-shaped,  fin-stabilized  device 
which  would  be  capable  of  soil  penetration  to  a  predetermined  depth,  so  that  a  plunger-activator  projects  just 
slightly  above  the  trail  surface.  The  objective  is  to  produce  a  system  of  cheap,  small  devices  that  would  present  a 
formidable  barrier  to  infiltration  and  would  be  difficult  to  counter.  (Author) 

ACCESSION  NUMBER:  AD383442 

Fitzsimmons,  F.  FASCOM  Soldering  Process  Control  Evaluation.  Final  rept. 
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Battelle  Columbus  Labs.,  OH.:  31  Dec  82.  18p. 

ABSTRACT:  Based  upon  observations  of  the  manufacturing  processes  at  Honeywell,  Inc.,  New  Brighton,  MN  and 
Aerojet  Corp.,  Downey,  CA,  the  writer  feels  that  certain  major  activities  must  be  performed  to  ensure  minimum  risk 
and  maximum  reliability  of  the  finished  product.  The  recommendations  contained  in  this  report  will  promote 
similarity  in  FASC AM  products.  ADAM  and  RAAM  are  both  delivered  to  target  in  basically  the  same  manner;  both 
are  expected  to  face  the  same  stress  conditions  in  storage  and  in  use.  Therefore,  there  should  be  a  single,  unified 
standard  of  workmanship  for  FASC  AM  products, 

ACCESSION  NUMBER:  ADA164194 

Gambiez,  G.  Should  We  Fear  Mine  Warfare.  Study  project.  Army  War  Coll.,  Carlisle 
Barracks,  PA.:  30  Mar  89.  44p. 

ABSTRACT:  Mines  are  weapons.  Thanks  to  the  improvements  allowed  by  electronics  they  become  more  and  more 
efficient  and  cost  effective.  On  land  as  well  as  at  sea,  they  would  be  widely  used  at  theater  level  by  all  belligerents  in 
all  types  of  conflicts.  Unfortunately  improvements  in  mine  countermeasures  are  more  difficult  to  realize  and  to  use 
on  the  field.  The  nations  of  the  free  world  should  increase  their  efforts  in  the  domain  of  those  countermeasure 
systems,  or  they  risk  being  the  first  victims  of  the  increasing  advances  in  mines  and  mine  delivery  systems.  The 
problem  is  as  difficult  as  urgent.  Keywords:  Land  mines.  Underwater  mines.  (GC/A  W) 

ACCESSION  NUMBER:  ADA209180 

Garland,  M.W.  KHAFJI:  A  Combat  Simulation.  Master's  thesis.  Naval  Postgraduate  School, 
Monterey,  CA.:  Sep  91.  137p. 

ABSTRACT:  This  thesis  presents  a  high  resolution,  discrete  event  driven  combat  simulation.  This  model  was 
developed  to  facilitate  the  analysis  of  tactical  options  available  to  a  small  unit  (company/platoon)  commander  using 
artillery  and  multiple  lanes  in  overcoming  a  minefield  obstacle.  KHAFJI  is  a  high  fidelity  combat  simulation  written 
in  SIMSCRIPT 1 1.5  with  SIMGRAPHICS  I.  Employing  user  input  parameters  which  define  a  minefield  scenario,  the 
model  generates  output  which  enables  the  user  to  compare  various  tactical  options  available  to  maneuver 
commander  in  crossing  a  minefield.  By  using  menu  driven  input  screens,  the  user  has  a  choice  of  multiple  crossing 
lanes,  size  of  crossing  force,  distribution  of forces  upon  crossing  lanes,  multiple  mine  belts,  and  use  of  indirect  fires 
against  the  minefield.  Using  SIMGRAPHICS  I  software,  KHAFJI  displays  the  minefield  and  the  unit  as  it  crosses  the 
minefield.  KHAFJI  depicts  each  mine,  each  member  of  the  crossing  unit,  and  each  impacting  artillery  round.  The 
graphics  provided  by  KHAFJI  allows  the  user  to  see  the  crossing  as  it  unfolds,  thereby,  reinforcing  user  confidence 
in  the  resultant  data.  When  running  multiple  replications,  graphics  can  be  turned  off  to  speed  processing.  An 
example  of  the  type  of  analysis  that  can  be  performed  with  KHAFJI  is  presented  in  Chapter  IV. 

ACCESSION  NUMBER:  ADA245170 

Gavel,  D.T.;  et  al.  Impulse  radar  array  for  detecting  land  mines.  Lawrence  Livermore 
National  Lab.,  CA.:  3  Apr  95.  12p.  [Symposium  on  autonomous  vehicles  in  mine 
countermeasures,  Monterey,  CA  (United  States),  3-7  Apr  1995.] 

ABSTRACT:  The  Lawrence  Livermore  National  Laboratory  has  developed  radar  and  imaging  technologies  with 
potential  application  in  demining  efforts.  A  patented  wideband  (impulse)  radar  that  is  very  compact,  very  low  cost, 
and  very  low  power,  has  been  demonstrated  in  test  fields  to  be  able  to  detect  and  image  nonmetallic  land  mines 
buried  in  2-10  cm  of  soil.  The  scheme  takes  advantage  of  the  very  short  radar  impulses  and  the  ability  to  form  a 
large  synthetic  aperture  with  many  small  individual  units,  to  generate  high  resolution  2-D  or  3-D  tomographic 
images  of  the  mine  and  surrounding  ground.  Radar  range  calculations  predict  that  a  vehicle-mounted  or 
man-carried  system  is  quite  feasible  using  this  technology.  This  paper  presents  the  results  of field  tests  using  a 
prototype  unit  and  describes  practical  mine  detection  system  concepts.  Predicted  capabilities  in  terms  of  stand-off 
range  and  radiated  power  requirements  are  discussed. 

REPORT  NUMBER:  UCRLJC120550,  CONF95041543 
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Graham,  W.J.  Focused  Synthetic  Microwave  Array  for  Mine  Detection  and  Imaging.  Final 
rept.  3  Jun-3  Dec  91.  Graham  Research,  Bensalem,  PA.:  3  Dec  91.  85p. 

ABSTRACT:  This  report  presents  the  results  of  a  feasibility  study  of  a  proposed focused  synthetic  rectangular  array 
for  microwave  detection  and  imaging  of  mines.  The  proposed  techniques  uses  a  bistatic  antenna  system  with 
transmitter  and  receiver  located  at  the  angles  of  incidence  and  reflection,  respectively  of  the  radiation  illuminating 
the  ground.  These  angles  are  equal  to  the  Brewster  angle  of  the  ground  medium  so  that  ground  reflections  are 
minimized for  vertical  polarization.  The  transmit  antenna  has  a  broad  beam  which  illuminates  the  field  of  view  on 
the  ground.  The  receiver  antenna  is  a  horizontal  line  array,  which  forms  a  rectangular  synthetic  array  by  the 
forward  motion  of  the  system.  The  results  of  an  analytical  study  are  presented,  and  experimental  results  are 
described  which  give  high  resolution  three-dimensional  images  of  various  types  of  buried  anti-tank  mines.  A  system 
design  for  a  focused  rectangular  synthetic  countermine  array  is  also  given.  A  design  of  an  experimental  system  for 
Phase  II  and  a  test  plan  is  described. 

ACCESSION  NUMBER:  ADA245850 

Granuzzo,  J.P.  Performance  Oriented  Packaging  (POP)  Testing  Packaging  for  Ground 
Emplaced  Mines  (i.e.,  M74,  M75  and  M79  Mines).  Final  rept.  DoD  Performance  Oriented 
Packaging  of  Hazardous  Materials,  Washington,  DC.:  24  Mar  94.  6p. 

ABSTRACT:  This  report  contains  the  tests  performed  and  test  results  on  the  Ground.  Emplaced  Mines  (i.e.,  M74, 
M75  and  M79  Mines)  that  are  packed  40  mines  per  metal  ammunition  container  lA  W  drawing  number  9243805 for 
Performance  Oriented  Packaging  Certification. 

ACCESSION  NUMBER:  ADA277849 

Groot,  J.S.  and  Y.H.  Janssen.  Remote  Land  Mine(Field)  Detection:  An  Overview  of 
Techniques.  Physics  and  Electronics  Lab.  RVO-TNO,  The  Hague  (Netherlands).:  Sep  94.  52p. 

ABSTRACT:  A  near  real  time  land  mineffield)  detection  system  is  essential  for  military  commanders  to  enable  them 
to  circumvent  the  mines,  or  to  allocate/employ  mine  neutralisation/breaching  assist  to  clear  a  safe  route  through  a 
minefield.  Basic  principles  and  strengths  and  weaknesses  of  such  a  system  with  visual,  near  infrared,  midwave 
infrared,  longwave  infrared,  microwave  radiometric  and  radar  sensors  are  presented.  Recommendations  for  a 
vehicle  mounted  multi-sensor  demonstrator  system  are  given  since  the  Genie  expressed  its  interest  in  such  a  system, 
it  is  cheaper  than  an  aircraft  mounted  system  and  because  sensor  fusion  can  be  tested  and  applied  relatively  easy  on 
such  a  system.  Promising  techniques  for  a  vehicle  mounted  detection  system  are:  (1)  passive  and  active  infrared 
imaging,  (2)  microwave  radiometry,  (3)  passive  and  active  visual  and  near  infrared  wavelength  discrimination,  (4) 
radar  ground  and  vegetation  penetration.  Proposed  steps  in  the  development  of  a  vehicle  mounted  mine  detection 
demonstration  system  are  a  feasibility  study,  tower  measurements  and  design,  construction  and  testing  of  the 
demonstrator. 

ACCESSION  NUMBER:  ADA288635 

INTERNET  http://www.dtic.mil/dtic/review/a288635.pdf 

Ground  Penetrating  Radar  for  Ordnance  Contaminated  Site  Restoration.  Indian  Head,  MD: 
Naval  Explosive  Ordnance  Disposal  Technology  Center,  Mar  95.  348p. 

Abstract:  The  main  purpose  of  this  document  is  to  apply  ground  penetrating  radar  (GPR)  technology  to  the 
problem  of  locating  and  identifying  buried  ordnance  at  military  sites.  The  emphasis  of  the  research  applied  GPR 
technology  to  an  airborne  system  that  will  allow  very  large  parcels  of  land  to  be  processed.  This  contract  represents 
one  portion  of  an  overall  U.S  Government  program  to  clear  former  and  present  military  ordnance  ranges  of  all 
unexploded  ordnance  and  other  buried  devices  that  pose  a  threat  to  the  public. 

ACCESSION  NUMBER  ADA295153 
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Guadagno,  J.;  et  al  Radiation  Protection  Safety  Protocol  for  Industrial  X-Ray  Backscatter 
Radiography  Experiments.  Final  rept.  Army  Belvoir  Research  Development  and  Engineering 
Center,  Fort  Belvoir,  VA.:  Nov  90.  30p. 

ABSTRACT:  Scattered  radiation  has  been  used  in  medical  and  engineering  applications  to  determine  properties 
and  form  images  or  irradiated  objects.  Scattered  radiation  is  ideally  suited  to  the  geometry  of  mine  detection  which 
depends  upon  differences  between  the  number  of photons  scattered  from  mines  and  soil  to  produce  an  image  as 
opposed  to  conventional  radiography  which  uses  the  transmission  of  photons  through  an  irradiated  object  to 
produce  an  image.  Mine  detection  through  backscatter  radiation  measures  the  amount  of  radiation  that  is 
backscattered  from  the  ground  to  a  Nal  detector  which  is  mounted  next  to  the  x-ray  source.  To  generate  sufficient 
backscatter  radiation  to  image  buried  land  mines,  an  industrial  x-ray  unit  must  be  operated  continuously  at  or 
above  150  kVp  for  2  to  3  hours.  Operating  an  industrial  x-ray  unit  at  this  level  and  duration  for  the  purpose  of 
mine  detection  requires  a  complete  radiological  review  of  both  the  exposure  room  and  the  x-ray  unit  itself.  (JS) 

ACCESSION  NUMBER:  ADA229740 

Gupta,  A.D.  Structural  Analysis  of  a  Mine  with  Two  Viscoelastic  Explosive  Fills. 

Army  Armament  Research  and  Development  Command,  Aberdeen  Proving  Ground,  MD. 
Ballistic  Research  Lab.:  Feb  83.  25p.  [This  article  is  from  Transactions  of  the  Conference  of 
Army  Mathematicians  (28th)  Held  at  Bethesda,  Maryland  on  28-30  June  1982,'  AD-A128  683.] 

ABSTRACT:  The  structural  response  of  a  Soviet  TM-46  land  mine  with  two  viscoelastic  explosive  fills  subjected  to 
an  externally  applied  pressure  wave  has  been  analyzed  with  the  ADJNA  finite  element  code.  The  main  charge 
consists  of  5. 72  kg  TNT  while  the  booster  charge  in  the  fuze  contains  .  04  kg  Tetryl  in  the  fuze  well.  The  finite 
element  model  of  the  mine  uses  the  axisymmetric  two-dimensional  mesh  configuration  with  a  rigid  base  support 
boundary  condition.  Both  implicit  and  explicit  time  integration  schemes  have  been  used  for  this 
analysis. 

ACCESSION  NUMBER:  ADP001035 

Hanson,  J.V.;  et  al.  Mine  Detection  in  Dry  Soils  Using  Radar.  Army  Topographic  Engineering 
Center,  Fort  Belvoir,  VA.:  17  Mar  92.  16p. 

ABSTRACT:  The  detection  of  mines  and  subsurface  ordnance  continues  to  present  a  challenging  problem  for  both 
the  Army  and  U.S.  Marine  Corps.  An  initiative  was  launched  by  the  Army's  Topographic  Engineering  Center  (TEC) 
to  determine  the  feasibility  of  using  penetrating  radars  to  detect  subsurface  objects  in  very  dry  soils.  A  test  site  was 
selected  at  Twenty-nine  Palms,  CA,  and  soil  samples  were  collected  and  analyzed.  The  soils  were  very  dry, 
containing  on  average  less  than  2  percent  moisture,  and  consist  mainly  of  fine  sand  with  some  gravel  An  analysis  of 
soils  collected  in  the  Middle  East  showed  they  were  sufficiently  comparable  for  the  demonstration.  A  minefield  test 
site  was  constructed  reflecting  known  doctrine  and  combat  engineering  practices.  Metallic  and  nonmetallic  mines 
were  emplaced  on  the  surface  and  at  varying  depths.  Corner  reflectors  were  placed  around  the  test  site,  both  on  the 
surface  as  well  as  underground.  Overflights  were  conducted  utilizing  X-,  C-  and  L-  band  radars, 
ground-penetrating  radar,  arid  regions,  mines,  minefields,  synthetic  aperture  radar  (SAR). 

ACCESSION  NUMBER:  ADA254259 

Healey,  Anthony  J.,  and  William  T.  Webber.  Sensors  for  the  Detection  of  Land-Based 
Munitions.  Technical  rept.  Naval  Postgraduate  School,  Monterey,  CA.  Dept,  of  Mechanical 
Engineering.:  18  Sep  95.  29p. 

ABSTRACT:  This  report  provides  a  summary  of  current  land,  based  munition  detection  sensor  development  Sensors 
are  categorized  based  upon  the  principle  of  their  operation:  electromagnetic,  conductive,  mechanical,  optical, 
acoustic,  and  chemical.  Each  category  is  subdivided  into  particular  operational  sensor  types.  Theory  of  operation 
for  each  particular  sensor  type  is  provided,  as  well  as  a  discussion  of  advantages  and  disadvantages  of  each.  A 
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discussion  of  sensor  performance  is  included.  The  final  section  of  the  report  is  a  survey  of  commercially  available 
munition  detection  sensors  along  with  comments  concerning  their  performance. 

ACCESSION  NUMBER:  ADA300930 

INTERNET  http://www.dtic.mil/dtic/review/a300930.pdf 

Held,  M.  Anti  Tank  Mines.  Messerschmitt-Boelkow-BIohm  G.m.b.H.,  Munich  (Germany, 

F.R.).  Information  und  Dokumentation.:  1984.  21p.  [  International  Seminar  on  Defence 
Technology,  Rawalpindi  (Pakistan),  28  Nov  1984.  ] 

ABSTRACT:  According  to  the  method  of  deployment  and  to  the  mechanism  of performance  types  of  anti-Tank  mines 
are  reviewed.  There  is  given  an  overview  about  3  generations  of  mines.  According  to  the  mode  of  action  and  to  the 
principle  of function  the  mines  are  classified.  Examples  of  modern  anti-tank  mines  and  pictures  are  presented. 

ACCESSION  NUMBER:  TIBB8680835 

Janzon,  B.  International  Workshop  of  Technical  Experts  on  Ordnance  Recovery  and 
Disposal  in  the  Framework  of  International  Demining  Operations.  Held  in  Stockholm, 
Sweden  on  June  8-10, 1994.  Foersvarets  Forskningsanstalt,  Stockholm  (Sweden).  Dept,  of 
Weapons  and  Protection.:  Sep  94.  46p. 

ABSTRACT:  The  Workshop  was  arranged  by  FOA,  the  National  Defence  Research  Establishment  of  Sweden,  as  a 
result  of  discussions  with  the  United  Nation's  Under-Secretary  General  for  Human  Affairs,  with  the  UN  Coordinator 
for  Demining  Operations,  and  with  the  Government  of  Sweden.  The  purpose  of  this  workshop  was  to  be  a  forum  for 
the  exchange  of  information,  identification  of problems  and  possible  means  of  solving  them,  and  specification  of 
principle  requirements  on  new  systems  and  methods,  within  the  general  areas  of  mine  and  other  ordnance  detection, 
recovery  and  disposal,  particularly  in  connection  with  demining  operations. 

ACCESSION  NUMBER:  PB95222907 

Jessl,  P.,  and  W.  Koeppel.  Development  of  Environmental  Support  on  Mine  Detection 
Techniques.  Special  rept.  no.  1,  Jun-Jul  83.  Battelle-Inst.  e.V.,  Frankfurt  am  Main  (Germany, 
F.R.).:  Jul  83.  17p. 

ABSTRACT:  Terrain  factor  maps  have  been  established  for  the  following  data:  land-use  (basic  information);  crop 
type;  crop/vegetation  height;  and  crop/vegetation  condition.  A  continuous  flight  line  map  at  the  scale  1:2.500  (600' 
flight  height)  plus  single  overlays  (M^  1:500,  300' flight  height)  were  prepared  in  detail  As  the  meteorological  data 
and  also  interviews  clearly  indicate,  1982  had  extremely  dry  summer  conditions.  Thus,  all  beef-raising  crops 
(pastures,  rape,  etc.)  and  also  truck  crops  yielded  quite  good  crops.  It  was  sometimes  difficult  to  identify 
characteristic  differences  between  beef-raising  crops  and  meadows/pastures  because  of  the  extremely  poor  crop 
conditions  of  these  areas  (which  resulted  in  untypical  colours  and  textures). 

ACCESSION  NUMBER:  ADA132761 

Johnson,  J.H.;  et  al.  Oxalate  Ester  Chemiluminescence,  Improved  Low  Temperature 
Formulations.  Final  technical  rept.  Jul  83-Sep  84.  Naval  Weapons  Center,  China  Lake,  CA. 
ABSTRACT:  The  objective  of  the  program  was  to  develop  and  test  new  chemiluminescent  formulations  which  were 
usable  at  lower  temperatures  than  the  systems  currently  in  use.  The  visibility  requirements  included  a  minimum 
visual  range  of  10  meters  for  30  minutes  at  -25  degrees  F  or  lower.  The  oxalate  ester-hydrogen  peroxide 
chemiluminescent  system  was  used.  A  series  of  new  formulations  were  developed  which  offer  reduced  temperature 
sensitivity  in  a  variety  of  colors.  The  formulations  were  tested  at  Ft  Greely,  Alaska,  where  the  program  objectives 
were  met  and  exceeded.  (Mine  clearance). 

ACCESSION  NUMBER:  ADA157899 


A2-43 


Johnson,  John  V.,  et  al.  Project  Ostrich,  A  Feasibility  Study:  Detecting  Buried  Mines  in  Dry 
Soils  Using  Synthetic  Aperture  Radar.  Technical  Report,  Sep  90-May  93.  Fort  Belvoir,  VA: 
Army  Topographic  Engineering  Center,  Sep  93.  108p. 

Abstract:  Metallic  and  nonmetallic  mines  were  utilized  to  construct  a  mine  field  in  arid  soil  at  Twenty-nine  Palms, 
California  to  assess  the  extent  to  which  long-wavelength  radar  could  be  used  to  detect  buried  mines  by  remote 
sensing.  Surface  and  subsurface  mines  were  placed  in  accordance  with  known  enemy  doctrine,  and  the  site  was 
imaged  with  X_J  C_  and  L-band  radar  from  a  Navy  P-3  aircraft.  This  report  describes  the  construction  and 
physical  characteristics  of  the  test  sites,  and  presents  and  discusses  the  results  of  imagery  analysis. 

ACCESSION  NUMBER:  ADA274141 

Kieft,  L.J.,  and  D.L.  Bowman.  Sensitivity  Evaluation  of  M15  and  Analog  Mines.  Final  rept. 
Oct  89-Jun  90.  Army  Ballistic  Research  Lab.,  Aberdeen  Proving  Ground,  MD.:  Sep  90.  27p. 

ABSTRACT:  This  study  analyzes  the  explosive  destruction  or  deactivation  of  land  mines.  Computer  modeling  was 
used  extensively  to  calculate  and  predict  mine  initiation.  In  order  to  facilitate  comparisons  between  modeling 
predictions  and  experimental  data,  mine  analogs  were  made.  These  analogs  were  intended  to  represent  actual 
mines  in  their  sensitivity  to  initiation  by  explosive  countermeasures.  In  reality,  the  analog  mines  were  found  to  be 
somewhat  more  sensitive  than  had  been  predicted  by  computer  modeling,  and  thus  might  not  accurately  represent 
the  Ml  5  mine.  To  determine  the  reasons  for  this  discrepancy  in  sensitivity,  four  analog  mines  and  one  Ml 5  mine 
were  sawed  open  and  their  contents  analyzed.  It  was  found  that  there  are  definite  physical  differences  between  the 
analog  mines  and  the  MIS  which  could  account  for  this  sensitivity  difference.  The  differences  are  metal  thickness, 
void  structure,  interfacial  voids,  and  variations  except  void  structure  were  in  the  direction  of  causing  an  increase  in 
sensitivity  of  the  analog  mines  as  compared  with  that  of  the  MIS  mine. 

ACCESSION  NUMBER:  ADA226489 

Kimmitt,  M.T.  Rethinking  FASCAM  (Family  of  Scatterable  Mines)  Principles  for  the  Use  of 
Artillery  Delivered  Mines.  Army  Command  and  General  Staff  Coll.,  Fort  Leavenworth,  KS. 
School  of  Advanced  Military  Studies:  18  Nov  88.  65p. 

ABSTRACT:  This  monograph  addresses  existing  shortcomings  in  the  principles  for  employment  of  scatterable  and 
remotely  delivered  mines.  Such  mines,  part  of  an  overall  revolution  in  the  conduct  of  land  mine  warfare,  are  an 
integral  component  of  the  deep,  close  and  rear  battlefields.  Yet,  the  doctrine  and  principles  of  these  mines  has  not 
kept  pace  with  the  advances  in  land  mine  technology.  One  area  in  which  this  is  abundantly  clear  is  in  the  use  of 
Field  Artillery  weapon  systems  to  deliver  scatterable  mines.  While  the  Field  Artillery  has  made  great  advances  in 
the  development  and  integration  of  such  systems  as  precision  guided  munitions  and  advanced  artillery  data 
technology,  the  RAAM  (Remote  Anti-Armor  Mine)  and  ADAM  (Area  Denial  Artillery  Munition)  systems  lack 
adequate  doctrine  and  principles  to  fully  exploit  their  potential  on  the  battlefield.  In  schoolhouse  exercises,  and 
FTX's  worldwide,  the  lack  of  such  doctrine  is  reflected  in  ad  hoc,  highly  personal  approaches  to  FASCAM  (Family 
of  Scatterable  Mines)  employment.  While  the  lack  of  any  wartime  testing  of  these  systems  precludes  definitive 
doctrine  on  the  subject,  most  often  these  systems  are  employed  without  fully  understanding  their  potential  or 
shortcomings.  The  author  argues  for  the  development  of  thorough  and  consistent  doctrine  for  the  use  of  artillery 
scatterable  mines.  As  one  component  in  a  'Triad'  of  delivery  systems,  the  artillery  may  be  the  most  responsive  and 
flexible  leg  of  that  triad,  but  it  is  also  the  most  vulnerable.  (KR) 

ACCESSION  NUMBER:  ADA210973 

Korjack,  T.A.  Two-Dimensional  Finite  Difference  Time  Domain  (FD-TD)  Model  of 
Electromagnetic  (EM)  Scattering  From  a  Buried  Rectangular  Object.  Final  rept.  Jun  93-Jun 

94.  Army  Research  Lab.,  Aberdeen  Proving  Ground,  MD. :  Feb  95.  36p. 

ABSTRACT:  A  two-dimensional  transverse-magnetic  (TM)  electromagnetic  (EM)  scattering  problem  from  buried 
dielectric  objects  due  to  a  Gaussian  pulse  is  numerically  solved  using  the  Finite  Difference  Time  Domain  (FD-TD) 
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method  with  absorbing  boundary  conditions  via  Maxwell's  equations.  The  scatterers  are  rectangular  cross  sections 
in  a  multilayer  media;  the  Gaussian  pulse  is  reflected  into  a  lossy  earth  by  a  finite,  450  plate  that  is  part  of  the 
detector  that  receives  the  EM  signal  Spatial  distributions  of  electric  field  components  are  calculated  over  time  for 
single  and  multiple  land  scatterers  (mines).  The  scattered  fields  gradually  diminish  with  time  and  are  then 
eventually  dissipated.  Carpet  plots  are  illustrated  to  depict  the  spatial  distributions  of  the  scattered field  component 
at  comparative  time  steps  for  one,  two,  and  three  distinct  scatterers  or  land  mines  within  the  lossy  media.  Results 
clearly  illustrate  the  typical  wave  patterns  expected  under  the  simulated  conditions  as  presented  in  this  report  -  i.e., 
conductivity  (s)  for  the  air  is  0,  conductivity  for  the  earth  is  0.01,  conductivity  for  the  grass  is  0.005,  and 
conductivity  for  the  mines  are  0,  0.02,  and  0.008;  permeability  values  ranged  from  1  for  air,  9  for  earth,  5.5  for 
grass,  and  2.3,  5.6,  and  23.0  for  the  mines,  respectively.  Numerical  analysis  indicates  that  the  difference  of 
scattered  signals  between  single  and  multiple  scatterers  are  considerably  obvious  from  the  point  of  view  of  both 
time  domain  and frequency  domain.  (AN). 

ACCESSION  NUMBER:  ADA293685 

Kovel,  Steven,  and  John  Brand.  Research  Support  for  the  Depth  and  Simultaneous  Attack 
Battle  Lab.  Final  rept.  Jan-Dec  94.  Army  Research  Lab.,  Adelphi,  MD.:  Jan  95.  68p. 

ABSTRACT:  We  performed  an  assessment  of  the  6. 1/6.2  sensor  technology  programs  that  support  four  of  the 
operational  capability  requirements  (OCRs)  related  to  real-time  targeting,  formulated  by  the  Depth  and 
Simultaneous  Attack  Battle  Lab.  The  assessment  focused  on  (1)  how  the  research  programs  support  the  OCRs  and 
(2)  which  research  programs  are  required  to  support  each  OCR.  Four  programs  were  found  to  have  the  greatest 
potential  for  supporting  the  OCRs:  Automatic  Target  Detection-Recognition-  Identification,  Radar  Sensor  and 
Signature  Research,  Smart  Mines  Sensor  System,  and  Ultra-Wideband  Foliage-Penetrating  Synthetic  Aperture 
Radar.  These  programs  were  selected  based  on  the  information  generated  by  these  sensor  technologies.  In  addition, 
we  identified  the  need  for  realistic  war  game  simulations  that  incorporate  these  sensor  program  concepts,  in  order 
to  quantitatively  evaluate  the  concepts.  In  assessing  the  support  required  by  the  OCRs,  we  found  that  automatic 
target  recognition  was  least  mature  link,  and  we  recommend  that  the  greatest  effort  be  in  developing  this 
technology.  Finally,  we  found  that  the  battlefield  damage  assessment  OCR  requires  a  clearer  definition  before  a 
technology  assessment  can  be  performed. 

ACCESSION  NUMBER:  ADA289874 

Lehowicz,  L.G.;  et  al.  Analysis  of  Scatterable  Mine  Doctrine.  Study  project.  Army  War  Coll., 
Carlisle  Barracks,  PA.:  2  Jun  83.  73p. 

ABSTRACT:  This  study  summarizes  the  capabilities,  strengths,  and  limitations  of  scatterable  mine  systems;  analyzes 
the  doctrine  concerning  scatterable  mine  battlefield  employment,  command,  and  control;  establishes  some  proposed 
guidelines  for  the  employment  of  scatterable  mines  in  support  of  a  main  battle  area  defense  against  a 
Soviet/Warsaw  Pact  attack  into  Western  Europe;  and  provides  some  broad  conclusions  on  the  integration  of 
scatterable  mines  onto  the  modern  battlefield.  Scatterable  mines  offer  the  Army  and  Air  Force  a  powerful  means  to 
counter  the  battlefield  mobility  of  any  potential  armored  or  mechanized  enemy.  However,  the  maneuver  doctrine 
described  in  the  Airland  Battle  concept  reinforces  the  requirement  to  preserve  the  full  freedom  of  movement  for 
friendly  forces.  A  balance  must  be  struck  between  these  two  competing  demands.  That  balance  can  be  attained  by 
viewing  scatterable  mines  as  several  distinct  munitions,  which  are  emplaced  by  different  delivery  systems  and  have 
unique  strengths  and  weakness. 

ACCESSION  NUMBER:  ADA131659 

Lindsey,  G.R.  Battlefield  of  the  1990s.  Memorandum  rept.  Operational  Research  and  Analysis 
Establishment,  Ottawa  (Ontario).:  Dec  82.  19p. 

ABSTRACT:  While  the  new  weapons  likely  to  appear  on  the  battlefields  of  the  1990s  will  add  formidable 
capabilities,  some  will  be  offset  by  direct  countermeasures  and  others  by  the  effects  of  properly  integrated  combined 
arms  tactics.  There  will  be  important  improvements  to  ground-based  air  defence  weapons,  to  air-to-ground 
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weapons,  to  anti-tank  guided  missiles,  to  landmines,  and  to  anti-personnel  weapons.  Dominant  features  of  the 
1990s  will  be  electronic  warfare,  fast  movement,  and  the  rapid  expenditure  of  ammunition.  (Author) 

ACCESSION  NUMBER:  ADA126587 

McIntosh,  A.C.,  Jr.  MIL-STD-1660  Test  of  XM87  and  XM8  Volcano  Mine  Pallet.  Savanna, 

IL:  Army  Defense  Ammunition  Center  and  School,  Evaluation  Div.,  March  1987.  20  pgs. 

ABSTRACT:  The  U.S.  Army  Defense  Ammunition  Center  and  School  (USADACS),  Evaluation  Division 
(SMCAC-DEV,  has  been  tasked  by  the  U.S.  Army  Armament  Research,  Development  and  Engineering  Center 
(SMCAR-AEP),  Picatinny  Arsenal,  NJ,  to  design,  fabricated,  and  test  a  metal  pallet  for  the  PA113  Volcano  Mine 
Cannister.  This  engineering  report  contains  the  results  of  the  MIL-STD-1 660  pallet  testing  sequence  of  the 
palletized  PA113  Volcano  Mine  Cannister.  As  a  result  of  these  tests,  recommendations  to  strengthen  the  pallet  and 
modify  the  PAl  13  bundling  procedure  evolved. 

ACCESSION  NUMBER:  ADA207182 

Mei,  K.K.  Electromagnetic  Wave  Scattering  by  Partially-Buried  Metallic  and  Dielectric 
Objects.  Final  rept.  California  Univ.,  Berkeley.  Electronics  Research  Lab.:  Mar  84.  20p. 
ABSTRACT:  The  objective  of  this  research  is  to  study  the  feasibility  of  computing  electromagnetic  wave  scattering 
by  objects  which  are  buried  or  partially  buried  in  a  lossy  ground.  The  datas  obtained  through  computer  solutions  of 
the  related  Maxwell's  Equations  can  be  applied  to  detection  of  plastic  land  mines,  tunnels  and  natural  resources. 

The  method  used  in  this  investigation  is  based  on  the  Unimoment  method,  a  unique  hybrid  of  analytical  and 
numerical  methods.  The  extension  of  the  method  to  include  lossy  ground  half-space  was  made  possible  by  the 
development  of  special  eigenfunctions  which  include  the  continuity  of  the  air-ground  interface.  Results  were 
obtained  for  scattering  by  buried  body  of  revolution,  buried  body  of  revolution  with  arbitrary  orientation  and 
two-body  scattering. 
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Mei,  K.K.,  and  T.M.  Kvam.  Numerical  Parametric  Study  of  Electromagnetic  Wave 
Scattering  by  Buried  Dielectric  Land  Mines.  Final  rept.  Geo  Electromagnetics,  Inc.,  Berkeley, 
CA.:  1983.  95p. 

ABSTRACT:  The  unimoment  method  is  applied  to  solve  the  electromagnetic  scattering  by  a  buried  dielectric  finite 
cylinder  simulating  a  land  mine.  Computed  results  are  reported  at  frequencies  from  400  MHz  to  1 400  MHz  at  1 00 
MHz  intervals.  The  dielectric  constants  of  the  ground  are  considered  to  be  dispersive  which  simulates  soil  with  5%, 
10%  and  20%  water  content  Results  are  computed  for  the  scattered  electric  and  magnetic  fields  which  are 
presented  in  terms  of  the  cylindrical  components  of  E  and  noH  at  a  distance  of  1  in.  to  4  in.  above  the  ground  at  1 
in.  intervals.  The  numerical  results  are  computed  along  the  positive  x-axis  for  each  azimuthal  mode.  The  fields  at 
points  on  the  positive  x-axis  may  be  obtained  by  summing  the  modal  fields  directly.  Fields  at  points  other  than  the 
positive  x-axis  may  be  obtained  by  summing  the  modal  fields  multiplied  by  the  proper  azimuthal  function.  Sample 
results  are  given  in  the  report  and  the  complete  data  are  stored  on  magnetic  tape.  This  report  include 
documentation  for  the  tapes. 

ACCESSION  NUMBER:  ADA124980 

Messinger,  M.  Mixed  Minefield  Modeling.  Picatinny  Arsenal,  Dover,  NJ.:  1973.  17p.  [This 
article  is  from  'Proceedings  of  the  Annual  U.S.  Army  Operations  Research  Symposium  (12th), 
2-5  October  1973.  Volume  I,'  AD-A125  989.] 

ABSTRACT:  The  purpose  of  this  section  is  to  present  a  model  for  analyzing  the  effectiveness  of  mine  clearing  plows 
mounted  in  front  of  the  tracks  of  a  tank  in  a  AM  minefield.  The  plow's  function  is  to  sweep  AM  mines  away  from  the 
path  of  the  tank's  tracks  thereby  preventing  a  track  -  AM  mine  contact,  thus  increasing  the  tank's  survivability.  The 
minefield  to  be  considered  consists  of  a  mixture  of  AM  munitions  with  three  different  types  of  fuzes;  anti-handling 
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(AH),  pressure  (PR),  long  impulse  (LI).  AH  munitions  will  almost  certainly  be  detonated  upon  contact  with  the  plow 
whereas  PR  and  LI  munitions  will  usually  be  pushed  aside  without  detonation.  A  major  purpose  of  employing  AH 
munitions  in  the  minefield  is  to  countermeasure  plows 
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Metz,  C  D.  et  al.  Recent  Developments  in  Tactical  Unmanned  Ground  Vehicles.  San  Diego, 
CA:  Naval  Command  Control  and  Ocean  Surveillance  Center,  RDT&E  Division,  Jun  93.  9p. 
[Availability.  Pub.  In  Proceedings  AUVS-92,  19th  Annual  Technical  Symposium  and 
Exhibition, 

22  Jun  92.] 

Abstract:  Unmanned  ground  vehicles  have  long  been  envisioned  in  battlefield  support  roles  involving 
reconnaissance,  surveillance,  target  acquisitions  and  NBC  and  mine  detection.  Appropriate  utilization  of  robotic 
vehicles  for  these  tasks  can  be  an  effective  force  multiplier  and  an  enhancement  to  soldier  survivability.  Over  the 
past  six  years  there  has  been  substantial  progress  in  the  development  of prototype  unmanned  ground  vehicles  for 
use  by  the  Army  and  the  Marine  Corps.  This  paper  looks  at  several  versions  of  tactical  unmanned  ground  vehicles 
and  discusses  technical  issues  with  respect  to  remote  platforms,  mission  modules  and  control  units 
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Mines  and  Demolitions.  Final  rept.  Army  Test  and  Evaluation  Command,  Aberdeen  Proving 
Ground,  MD.:  29  Apr  83.  24p.  [Supersedes  report  dated  22  Apr  74,  AD-A031  850.] 

ABSTRACT:  Provides  tests  for  evaluating  the  performance  characteristics  of  mines  and  demolitions.  Describes 
safety  evaluation,  supplementary  environmental  and  shock  tests,  and  tests  for  weathering,  fuze  functioning, 
mine/fuze  compatibility,  effectiveness,  bullet  impact,  blast  sensitivity,  sympathetic  detonation,  and  parachute 
delivery.  Discusses  reliability,  human  factors  and  maintenance  evaluations.  Describes  equipment  and  technique  for 
determining  burst  height  of  bounding  mines.  Tabulates  mine  types  and  applications  and  physical  characteristics  of 
explosives.  Not  applicable  to  chemical  mines.  (Author) 
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Moler,  Robert  B.  Nuclear  and  Atomic  Methods  of  Mine  Detection.  Technical  rept.  Army 
Belvoir  Research  Development  and  Engineering  Center,  Fort  Belvoir,  VA.:  1  Nov  91.  40p. 
ABSTRACT:  This  report  summarizes  the  results  of  a  project  to  provide  technical  review  and  analysis,  developmental 
assessments,  and  studies  of  current  and  new  technology  applicable  to  the  detection  of  landmines  using  nuclear  and 
atomic  techniques.  Additionally,  technical  support  for  new  research  initiatives  was  provided  in  the  form  of 
independent  analytical  studies  that  sought  to  verify  expectations  and  predictions  for  a  range  of  techniques, 
including  neutron  capture,  gamma  ray  induced  reactions  on  nitrogen  (an  important  element  in  military  explosives), 
neutron  elastic  and  inelastic  scatter,  gamma  ray  nuclear  resonance  scattering  on  nitrogen,  x-ray  backscatter 
imaging,  dual  energy  x-ray  Compton  scattering,  and  nuclear  magnetic  resonance.  For  relatively  mature 
technologies  such  as  x-ray  backscatter  imaging,  thermal  neutron  capture,  and  the  reaction  of  nitrogen  with  13.6 
MeV  gamma-rays,  plans  for  laboratory  testing  were  reviewed  and  plans  for  field  tests  were  developed.  The  project 
had  its  principal  focus  on  x-ray  backscatter  imaging,  particularly  the  optimization  of  the  technique,  the  development 
of  appropriate  x  ray  sources  capable  of  scanning  a  3  meter  wide  search  path,  and  the  development  of  detectors  and 
collimators  capable  of  withstanding  the  field  environment.  A  unique  type  ofx  ray  generator  was  proposed  that 
could  meet  the  scan  rate  requirements.  It  consisted  of  a  single  3  m  long  cylindrical  anode  with  150  grid  controlled 
cathodes.  The  technical  specification  of  this  tube  were  developed.  A  laboratory  demonstration  of  the  feasibility  of 
this  concept  was  carried  out  by  an  associate  contractor. 
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Workshop  Report;  Nuclear  Techniques  for  Mine  Detection  Research,  Ji^ly  22-25, 
1985,  Lake  Luzerne,  New  York.  Army  Belvoir  Research  and  Development  Center,  Fort 
Belvoir,  VA.  Jul  85. 74p.  .  r  j , 

ABSTRACT:  The  purpose  of  this  workshop  was  to  investigate  the  use  of  ionizing  radiation  techniques  Jor  detecting 
landmines  and,  in  particular,  to  identify  technological  advancements  that  would  alter  the  assessment  of  the  prior 
workshop  held  on  March  1973.  Although  emphasis  was  placed  on  application  of  developed  or  emerging  technology 
to  the  problem  of  the  detection  of  buried  land  mines,  detection  of  concealed  explosives  in  the  context  of  security  was 
also  considered.  Automatic  detection  of  explosives  in  luggage  and  hand-carried  items  received  the  greatest 
attention.  Lesser  attention  was  given  to  detecting  explosives  concealed  within  a  building’s  structure.  Three 
particular  explosives  detection  scenarios  were  considered,  and  the  requirements  for  each  were  explicitly  discussed 
by  panel  members.  The  first  of  these,  the  detection  of  buried,  nonmetallic,  anti-vehicular  mines,  was  the  area  of 
greatest  concern  and  was  given  the  greatest  emphasis  by  the  panel.  The  other  two,  detection  of  anti-personnel  mines 
and  detection  of  explosives  in  luggage  and  packages,  were  considered  in  less  detail. 
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Morgan,  M.A.  Scattering  of  Radar  Waves  by  Mine  Fields.  Final  rept.  Geo  Electromagnetics, 

Inc.,  Berkeley,  CA.:  1980. 65p.  ....  j 

ABSTRACT:  Radar  scattering  by  an  array  of  surface  land  mines  is  studied.  The  array  is  considered  to  be  a  random 
perturbation  of  a  uniform  array.  The  analytical  evaluation  of  the  expectation  is  performed  for  this  problem  under 
specified,  but  realistic,  assumptions.  The  analytic  expression  for  the  expectation  contains  coherent  and  incoherent 
array  factors,  each  of  which  are  summations  of  terms  that  areweighted  by  the  effect  of  the  antenna  pattern.  By  curve 
fitting  the  antenna  gain  pattern  with  exponential  functions  in  elevation  and  azimuth  the  resultant  series  are 
summable.  The  resultant  expression  for  normalized  signal  to  clutter  ratio  displays  the  coherent  contributions  from 
the  radar  system  parameters  (such  as,  beamwidths,  frequencies,  depression  angle  and  pulse  width)  in  conjunction 
with  the  randomness  of  mine  placement  and  the  clutter  distribution. 
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Olness,  D.U.,  and  A  S.  Warshawsky.  Representation  of  the  MON-50  antipersonnel  mine  for 

application  in  SEES.  Lawrence  Livermore  National  Lab.,  CA.:  Aug  92.  6p. 

ABSTRACT'  The  Security  Exercise  Evaluation  Simulation  (SEES)  was  used  to  study  an  ambush  of  a  train  carrying 
soldiers.  An  integral  part  of  the  analysis  required  that  directional,  antipersonnel  mines  (similar  to  Claymore  mines) 
be  included  in  the  scenario.  SEES  does  not  have  a  capability  to  model  the  effects  of  such  a  weapon  explicitly.lt  was 
possible,  however,  to  approximate  the  effect  of  the  mines,  albeit  crudely,  in  a  way  that  was  judged  adequate  for  the 
specific  study  at  hand.  This  report  describes  that  approximation. 

REPORT  NUMBER:  UCRLIDl  11813 
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Performance  Oriented  Packaging  (POP)  Testing  and  Packaging  for  Ground  Emplaced 
Mines  (i.e.  M74,  M75  and  M79  Mines).  Final  rept.  Army  Armament  Research,  Development 

and  Engineering  Center,  Dover,  NJ.:  24  Mar  94.  6p. 

ABSTRACT-  This  Performance  Oriented  Packaging  (POP)  report  is  for  the  Ground  Emplaced  Mines  (M74,  M75 
M79  Mines)  packed  40  per  metal  ammunition  container  lA  W  drawing  1 26245 1 4.  This  report  describes  results  of 
testing  conducted  on  a  similar  packaging  which  is  used  as  an  analogy  for  this  item. 

ACCESSION  NUMBER:  ADA277845 


Pijor,  T.D.  Mine/Countermine  Basis  of  Issue  Optimization  Plan.  Master's  thesis. 
Naval  Postgraduate  School,  Monterey,  CA.:  Jun  88.  161p. 


ABSTRACT:  The  mobility  and  effective  employment  of  tanks  in  a  future  conflict  may  be  seriously  threatened  by 
enemy  land  mines.  This  thesis  presents  a  high  resolution  stochastically  based  simulation  to  be  used  in  the  evaluation 
of  measures  of  effectiveness  to  determine  the  optimal  basis  of  issue  of  mine/countermine  equipment.  A  discussion  of 
the  types  of  breaching  equipment  and  the  tactics  involved  is  used  to  provide  background for  the  simulation.  Several 
measures  of  effectiveness  are  used  to  determine  how  the  various  configurations  of  breaching  equipment  affect  the 
battle  and  battle  outcome. 
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Printz,  J.  Pursuit  Deterrent  Munition  Reserve-Cell  Ammonia  Battery  Redesign  Analysis. 
Final  rept.  1986-1990.  Army  Armament  Research  and  Development  Center,  Dover,  NJ.  Fire 
Support  Armament  Center.:  Apr  91.  42p. 

ABSTRACT:  The  M86  pursuit  deterrent  munition  (RDM)  went  into  full-scale  production  in  early  1989.  At  this  time  a 
serious  design  flaw  was  discovered  in  the  electronics  system  of  the  mine,  the  reserve  ammonia  battery  in  the  system 
had  a  serious  performance  problem  at  cold  temperatures.  This  performance  problem  had  not  been  apparent  on  the 
M692/M731  area  denial  artillery  munition  (ADAM),  a  ballistically-launched antipersonnel  landmine  that  was  later 
adapted  for  hand-emplacement  (and  subsequently  evolved  into  RDM).  A  thorough  engineering  analysis,  involving  a 
Taguchi  design  of  experiments,  was  necessary  to  determine  how  the  battery  could  be  improved  to  solve  the 
performance  problems  encountered.  This  report  discusses  this  engineering  analysis,  in  detail,  from  the  development 
of  the  RDM  until  the  incorporation  of  the  corrective  fix  for  the  system. 

ACCESSION  NUMBER:  ADA234943 

_ .  RAAM  Integrated  Circuit  Source  Change  Analysis.  Final  rept.  1989-1990.  Army 

Armament  Research  and  Development  Center,  Dover,  NJ.  Fire  Support  Armament  Center.:  Sep 
90.  38p. 

ABSTRACT:  This  report  prepared  to  provide  an  analysis  of  the  change  from  gold  eutectic  die  attach  integrated 
circuits  (I.C.)  to  sliver-glass  die  attach  I.C.for  the  M718/M74J  remote  antiarmor  mine  (RAAM).  An  overview  of  the 
contract  history  of  the  present  RAAM  electronic  lens  assembly  (ELA)  contractor,  Accudyne  Corporation  of 
Janesville,  WI,  is  presented.  An  outline  of  both  the  gold  eutectic  die  attached  process  and  the  silver-glass  die  attach 
process  is  also  given.  The  Government  test  plan  for  the  die  attach  change  was  analyzed  and  the  results  and 
conclusions  of  the  tests  listed  in  the  plan  are  provided. 

ACCESSION  NUMBER:  ADA227325 

Required  Operational  Capability  (ROC)  Number  LOG  1.59  for  a  Mine  Clearing  Plow 
System.  Marine  Corps,  Washington,  DC.:  1  Apr  83.  12p. 

ABSTRACT:  A  system,  device  or  combination  of  devices  which  can  be  temporarily  mounted  to  the  front  of  a 
standard  armored  tracked  vehicle  (tank)  chassis  or  other  tracked  vehicle  and  controlled  by  an  operator  inside  the 
vehicle  is  required  to  clear  land  mines  and  explosive  devices  from  the  path  of  the  vehicle.  It  should  be  capable  of 
physically  extracting  or  removing  any  land  mine  and/or  explosive  device  which  is  laying  on  the  surface  or  buried 
under  up  to  four  inches  (1 0.6cm)  of  soil  cover  from  the  area  in  front  of  each  track.  An  Initial  Operational  Capability 
of 1985  is  desired. 

ACCESSION  NUMBER:  ADA1274752/ADA129447 

Required  Operational  Capability  (ROC)  Number  LOG  1.63  for  the  Trailer  Mounted  Mine 
Clearing  Line  Charge  (MICLIC)  System.  Marine  Corps,  Washington,  DC.:  7  Apr  83.  13p. 

ABSTRACT:  The  U.S.  Marine  Corps  requires  an  easily  transportable,  rapidly  deployable  mine  clearing  capability 
which  can  be  employed  without  modification  or  permanent  attachment  to  tactical  wheeled  and  tracked  vehicles.  A 
trailer  mounted  mine  clearing  line  charge  would  provide  a  surface-launched  capability  which  could  be  rapidly 
employed  by  mechanized  infantry,  armored  and  combat  engineer  units.  A  MICLIC  system  is  needed  to  create  a 
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vehicle-width  cleared  lane  for  tracked  and  wheeled  vehicles  through  minefield  obstacles.  The  M58A I  Linear 
Demolition  Charge  is  a  standard  Marine  Corps  ordnance  item  and  will  satisfy  safety  and  explosive  clearing 
requirements.  This  line  charge  will  create  a  breach  path  approximately  1 00m  long  and  1 0-1 6m  wide  against 
tactically  laid,  single-impulse  pressure  mines.  The  MK  22  rocket  used  to  deploy  the  M58AI  line  charge  is  in  the 
Marine  Corps  ordnance  inventory.  The  M353  general  purpose,  3  1/2-ton,  chassis  trailer  is  an  existing  asset  that  can 
easily  be  adapted  to  carry  the  M58AI  line  charge.  A  launch  rail  and  framework  will  be  required  to  launch  the 
MK22  rocket  and  carry  the  M58A1  line  charge  pallet  on  the  M3 53  trailer  chassis.  The  adaptation  of  existing 
ordnance  and  trailer  assets  will  satisfy  many  of  the  basic  requirements. 

ACCESSION  NUMBER:  ADA129426 

Required  Operational  Capability,  USMC-ROC-213.3.5  for  Amphibious  Continuous 
Breach  Land  Mine  Countermeasure  System.  Marine  Corps,  Washington,  DC.:  20  May  87. 
23p. 

ABSTRACT:  The  Marine  Corps  has  a  requirement  for  a  mobile  mine  countermeasure  system  (hereafter  referred  to 
as  the  system)  capable  of  breaching  enemy  minefields  in  very  shallow  water  and  from  the  high  watermark  inland  in 
conjunction  with  lead  echelons  of  the  amphibious  assault.  The  system  will  be  employed  by  assault  amphibious 
vehicle  (AA  V)  units  to  provide  a  highly  mobile,  quick  response  capability  for  the  asault  breaching  of  single  impulse 
pressure  and  tilt-rod  antitank  and  antipersonnel  minefield.  A  preplanned  product  improvement  (P3I)  goal  will  be 
the  neutralization  of  magnetically  fuzed,  blast  hardened  and  multiple  impulse  mines.  The  initial  operational 
capability  (IOC)  for  the  system  is  FY9I.  The  date  for  full  operational  capability  (FOC)  is  scheduled  for  FY94. 
ACCESSION  NUMBER:  ADA183962 

Riggs,  Lloyd  S.,  and  Charles  A.  Amazeen.  Measurements  in  Moist  and  Wet  Soils  with  the 
Waveguide  Beyond  Cutoff  or  Separated  Aperture  Dielectric  Anomaly  Detection 
Technique.  Final  rept.  Army  Belvoir  Research  Development  and  Engineering  Center,  Fort 
Belvoir,  VA.:  Jun  91.  38p. 

ABSTRACT:  This  report  present  experimental  results  concerning  the  separated  aperture  (or  waveguide  beyond 
cutoff)  buried  mine  detection  scheme.  More  specifically,  the  experimental  data  presented  describes  the  ability  of  the 
separated  aperture  sensor  to  detect  buried  dielectric  anomalies  under  moist  or  saturated  (wet)  soil  conditions.  This 
data  was  collected  during  June  -  August  1990  at  the  Fort  Belvoir  Experimental  Mine  Lanes  Facility,  Fort  Belvoir, 
Va.  This  report  is  part  of  ongoing  research  to  build  an  engineering  database  to  be  used  in  a  long-term  research 
program  directed  toward  the  development  of  a  complete  understanding  of  the  fundamental  electromagnetic 
principles  underlying  the  separated  aperture  mine  detection  technique  and  to  assess  the  general  feasibility  of 
separated  aperture  mine  detectors.  The  moist  and  wet  soil  experiments  described  in  this  report  should  be  viewed  as 
a  continuation  of  earlier  experimental  efforts  described  in  BRDEC  Technical  Report  No.  2497,  August  1990, 
(AD-A227008). 
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.  Research  with  the  Waveguide  Beyond  Cutoff  or  Separated  Aperture  Anomaly 
Detection  Scheme.  Fort  Belvoir,  VA.:  Army  Belvoir  Research  Development  and  Engineering 
Center,  Aug.  1990.  67  pgs. 

ABSTRACT:  This  report  presents  experimental  results  concerning  the  separated  aperture  (or  waveguide  beyond 
cutoff)  buried  mine  detection  scheme.  The  primary  purpose  of  this  research  effort  is  to  contribute  to  an  engineering 
database  to  be  used  in  a  long  term  research  program  directed  toward  the  development  of  a  complete  understanding 
of  the  fundamental  electromagnetic  principles  underlying  the  separated  aperture  mine  detection  technique  and  to 
assess  the  general  feasibility  of  separated  aperture  mine  detectors. 
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Romstedt,  G.N.  CSS/EMW/SOF  (Combat  Service  Support/Engineering  and  Mine 
Warfare/Special  Operations  Forces)  Mission  Area  Materiel  Plan  (MAMP)  Software.  Final 
rept.  Feb-Sep  86.  McLean  Research  Center,  Inc.,  VA.:  Sep  86.  343p. 

ABSTRACT:  This  report  documents  the  status  of  the  Combat  Service  Support  (Database  Management 
Systems) /Engineering  and  Mine  Warfare  (EMW)/Special  Operations  Forces  (SOF)  Mission  Area  Material  Plan 
(MAMP)  Software.  This  software  is  used for  program  planning  and  resource  allocation  AMC  RDT&E  initiatives.  It 
also  presents  an  analysis  of  some  of  the  system  aspects  of  the  automated  MAMP  as  it  is  instituted  throughout  AMC, 
and  of  the  program  prioritization  methods  used. 
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Sabol,  B.,  and  T.  Berry.  Effects  of  Microtopographic  Features  on  Tilt  of  the  Wide  Area  Mine 
Ground  Platform.  Final  rept.  Army  Engineer  Waterways  Experiment  Station,  Vicksburg,  MS. 
Environmental  Lab.:  May  91.  25p. 

ABSTRACT:  Under  the  Proof  of  Principle  Program  for  development  of  the  Wide  Area  Mine  (W AM),  the  US  Army 
Engineer  Waterways  Experiment  Station  was  responsible  for  characterizing  terrain  features  expected  to  affect  the 
W AM  performance.  The  off-vertical  angle  of  the  W AM  ground  platform  (tilt)  erected  on  the  terrain  surface  will 
affect  several  critical  functions  of  candidate  W AM  systems.  Digital  terrain  elevation  data  of  adequate  spatial 
resolution  (2-ft  horizontal  spacing)  was  not  available  to  accurately  estimate  the  distribution  of  tilt  angles  for  the 
W AM  ground  platforms.  Actual  tilt  measurements  were  therefore  made  on  pre-erected  (legs  locked  in  pulse)  WAM 
surrogates  (mass  models)  on  four  terrain  surface  types  representing  managed  and  agricultural  lands.  Mean  tilt 
angles  ranged  from  2  deg  for  meadowland  to  almost  11  deg  for  a  freshly  plowed  and  rowed field.  The  Textron 
Defense  System  WAM  exhibited  a  slightly  larger  mean  and  standard  deviation  of  tilt  angle  than  the  Honeywell,  Inc., 
WAM  for  each  terrain  surface  type;  however,  this  difference  was  statistically  significant  in  only  one  of  the  four 
cases.  Because  this  study  did  not  consider  the  ground  platform  erection  process,  these  data  should  not  be 
interpreted  as  tilt  angles  resulting  from  realistic  deployment  of  W AMs. 
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Sabol,  B.M.;  et  al.  Environmental  Site  Characterization  for  the  Wide  Area  Mine  Sensor 
Demonstration,  Aberdeen  Proving  Ground,  October  1988.  Final  rept.  Army  Engineer 
Waterways  Experiment  Station,  Vicksburg,  MS.  Environmental  Lab.:  May  91.  43p. 

ABSTRACT:  Under  the  proof-of-principle  program  for  the  development  of  a  wide  area  mine  (WAM),  the  US  Army 
Engineer  Waterways  Experiment  Station  was  responsible  for  characterization  of  the  temperature  environment  in 
which  WAM  developmental  tests  would  be  conducted.  The  principal  temperate  area  for  WAM  testing  was 
designated  to  be  the  US  Army  Aberdeen  Proving  Ground,  Maryland.  This  report  presents  data  that  characterize 
terrain  and  environmental  factors  expected  to  affect  WAM  sensor  performance.  Field  measurements  were  made 
before  and  during  the  conduct  of  WAM  captive  flight  tests  and  ground  sensor  data  acquisition  exercises. 
Measurements  included  soil  and  seismic  tests,  a  quantitative  vegetation  survey,  thermal  terrain  characterization 
measurements,  and  the  collection  of  onsite  meteorological  data. 
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Sanz,  G.M.  Countermine  Combat  Systems  Analysis  (Mine  Plow  Evaluation  Module). 

Technical  rept.  Feb-Sep  85.  BDM  Corp., Vienna,  VA.:  15  Sep  85.  70p. 

ABSTRACT:  This  report  summarizes  the  results  of  tasks  conducted  to  provide  the  Engineer  Support  Laboratory  with 
a  low  cost  evaluation  model  to  be  used  in  the  assessment  of  countermine  concept  alternatives.  The  model  is 
microcomputer-based  and  supported  by  a  commercial  software  package  which  provides  ease  of  use,  rapid 
computational  abilities,  and  useful  graphics  features. 
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Sargis,  P.D.  Buried  mine  detection  using  ground-penetrating  impulse  radar.  Lawrence 
Livermore  National  Lab.,  CA.:  Mar  95.  13p.  [Symposium  on  autonomous  vehicles  in  mine 
countermeasures,  Monterey,  CA  (United  States),  3-7  Apr  1995.] 

ABSTRACT:  LLNL  is  developing  a  side-looking,  ground-penetrating  impulse  radar  system  that  can  eventually  be 
mounted  on  a  robotic  vehicle  or  an  airborne  platform  to  locate  buried  land  mines.  The  system  is  described  and 
results  from  field  experiments  are  presented. 

REPORT  NUMBER:  UCRLJCl  19069,  CONF95041541 
ACCESSION  NUMBER:  DE9501144 

Schwartz,  Richard  E.  and  Dennis  F.  DeRiggi.  SIMNET-Based  Tests  of  Antihelicopter  Mines. 
Final  Report.  Alexandria,  VA:  Institurte  for  Defense  Analyses,  Jan  94.  58p. 

Abstract:  This  report  describes  a  series  ofSlMNET  Semi-automated forced  armor  engagements  in  which 
antihelicopter  mines  are  deployed.  The  impact  of  two  types  of  antihelicopter  mines  on  armor  exchange  ratios  and 
other  combat  measures  is  presented.  Learning  effects  are  analyzed for  both  types  of  mines.  Antihelicopter  mines  can 
have  a  significant  effect  on  small  unit  engagements  when  used  in  conjunction  with  an  effective  air  defense  system. 
Direct  fire  and  sublet  launched  antihelicopter  mines,  when  properly  deployed  are  capable  of  depriving  attack 
helicopters  safe  ingress  routes  and  firing  positions. 
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Schwartz,  Richard  E.;  et  al.  The  Smart  Mine  Simulator  User's  Guide  and  Algorithm 
Description.  Final  Rept.  Institute  for  Defense  Analyses,  Alexandria,  VA.  1  Dec  93.  74p. 

ABSTRACT:  The  Smart  Mine  Simulator  (SMS)  is  a  computer  simulation  that  runs  on  two  UNIX  workstations  and 
operates  in  the  SIMNET/BDS-D  distributed  simulation  environment  It  simulates  smart  antiarmor  mines,  two 
variations  of  smart  antihelicopter  mines,  and  conventional  antiarmor  mines,  enabling  these  mines  to  participate  in 
SIMNET  exercises  for  analytic,  training,  demonstration,  or  other  purposes.  This  document  describes  the  SMS 
structure,  its  algorithms  for  simulating  mines,  and  how  to  install  and  use  it.  The  document  is  intended  to  support 
both  the  planning  of  distributed  simulation  exercises  and  the  installation  and  operation  of  the  SMS  on  simulation 
networks. 
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Semi-Annual  Performance  Report  on  Physics  of  Buried  Mine  Detection  and  Classification. 

Technical  Letter  Report,  1  Mar-31  Aug  94.  Austin,  TX:  Texas  University  at  Austin  Applied 
Research  Labs,  Jan  95.  8p. 

Abstract:  A  better  understanding  of  the  science  and  engineering  of  buried  mine  detection  in  (I)  offshore  and  (2)  surf 
zone  sediments,  leading  to  safe,  standoff  detection  technologies.  This  project  is  part  of  a  leveraged  investment 
program  for  ONR  andAPPA  offices,  which  involves  SPECWAR  and  USMC  interests,  to  pursue  major  research 
thrusts  already  begun  by  the  authors,  that  will  lead  the  way  to  systems  development.  The  work  is  further  leveraged 
by  the  cooperation  of  the  SACLANT  Undersea  Research  Center  (SACLANTCEN)  which  will  provide  cooperating 
seafloor  scientists,  research  tools  and  research  vessels  in  a  joint  effort  to  research  the  basic  physics  of  the 
governing  processes. 
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Shoenfelt,  N.M.  Selectable  Lightweight  Attack  Munition  Operating  Component  of  the  Gate 
Array.  Technical  rept.  Army  Armament  Research  and  Development  Center,  Dover,  NJ.  Fire 
Support  Armament  Center.:  Apr  91.  26p. 

ABSTRACT:  The  selectable  lightweight  attack  munition  (SLAM)  is  a  small  explosive  armament  It  can  be  used 
similarly  to  a  mine  where  it  can  be  placed  on  the  ground  to  detonate  when  the  magnetic  signature  of  the  desired 
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target  is  detected.  It  can  also  be  used  with  a  tripline  or  to  detonate  after  a  set  period  of  time.  The  operation  of  the 
SLAM  is  controlled  by  electronics  with  the  majority  of functions  on  a  gate  array.  The  functions  of  the  gate  array 
that  control  the  operation  of  the  SLAM  are  described  in  this  report. 

ACCESSION  NUMBER:  ADA233926 

Simard,  Jean-Robert.  Experimental  Evaluation  of  the  Apparent  Temperature  Contrast 
Created  by  Buried  Mines  as  Seen  by  an  IR  Imager.  Defence  Research  Establishment  Suffield, 
Ralston  (Alberta).:  Nov  94.  35p. 

ABSTRACT:  The  detection  of  buried  mines  is  a  problem  of prime  interest  internationally.  One  potential  method  to 
succeed  in  this  task  is  to  use  passive  JR  imaging  to  form  thermal  images  of  the  soil  surface.  Even  though  this 
technique  has  been  intensively  investigated for  the  last  1 5  years,  only  few  publicly  reported  studies  show 
quantitative  measures  of  the  apparent  temperature  contrast  at  the  soil  surface  above  buried  mines.  This  document 
aims  to  improve  this  situation.  Apparent  temperature  contrasts  are  measured  for  different  mine-soil  combinations 
over  24  hour  periods  with  a  camera  sensitive  to  long  wave  infrared  (8-12  micrometer).  The  effect  of  the  variation  of 
burial  depth  is  investigated  and  special  attention  is  taken  to  differentiate  the  thermal  effects  associated  with  the  soil 
disturbance  from  the  mine  itself  A  maximum  average  of  2  degrees  C  in  apparent  thermal  contrast  disappears  when 
the  burial  depth  exceeds  8  cm  for  the  case  where  the  thermal  disturbance  is  related  to  the  buried  mine  only.  A  50% 
increase  (-3  degrees  C)  is  observed  when  the  thermal  effect  of  the  soil  disturbance  is  present.  Furthermore,  this  last 
apparent  thermal  contrast  shows  little  dependency  with  the  burial  depth.  These  results  are  promising  for  the 
detection  of  mines  buried  in  compacted  soil.  However,  serious  reservations  about  an  acceptable  false  alarm  rate 
and  the  duration  of  the  thermal  effected  created  by  the  soil  disturbance  are  expressed. 

ACCESSION  NUMBER:  ADA289856 
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Sinn,  J.L.  Land  Mine  Options  in  Future  Crisis  and  Conflicts.  Student  essay.  Army  War  Coll., 
Carlisle  Barracks,  PA.:  9  Mar  87.  33p. 

ABSTRACT:  Newly  developed  land  mine  barrier  and  obstacle  systems  play  a  significant  role  in  AIRLAND  battle 
tactical  concepts.  However,  little  has  been  written  regarding  the  use  of  these  systems  at  the  operational  and 
strategic  levels  of  war.  This  paper  examines  the  potential  impact  of  land  mine  systems  on  the  range  of  military, 
political,  and  socio-psychological  options  available  to  American  decision-makers  in  future  crisis  and  conflicts.  It 
deliberately  avoids  questions  concerning  system  cost,  the  number  and  mix  of  systems  to  procure,  and  the  possible 
limitations  involved.  Rather,  its  purpose  is  to  stimulate  thinking  about  ways  in  which  land  mine  systems  may 
contribute  to  crisis  bargaining,  deterrence  of  conflict,  and  termination  of  the  same. 

ACCESSION  NUMBER:  ADA182782 

Smith,  F.G.  History  of  the  Army  Ground  Forces.  Study  Number  17.  History  of  the  Third 
Army.  Army  Ground  Forces,  Washington,  DC.  Historical  Section.:  1985.  152p. 

ABSTRACT:  The  History  of  the  Third  Army,  1932-1944,  (from  organization  to  combat),  was  started  with  the  other 
three  field  armies  on  9  August  1932,  by  direction  by  the  Army  Chief  of  Staff,  General  Douglas  MacArthur.  Third 
Army  was  assigned  the  area  formerly  administered  by  the  Fourth  and  Eighth  Corps,  with  its  mission  coverage  the 
area  the  Gulf  of  Mexico  and  the  southern  frontier.  The  Commander  had  a  dual  hat  as  the  Corps  Area  Commander. 
With  the  change  of  command  30  September  1940,  the  Army  HQ  was  moved  from  Atlanta  to  Fort  Sam  Houston.  The 
Army  continued  with  large  scale  maneuvers  to  develop  and  test  doctrine  and  personnel.  Its  mission  of  training  and 
preparation  continued  until  its  was  alerted  and  sent  overseas  for  combat  deployment.  The  mission  and  command 
was  taken  over  by  the  Fourth  Army. 
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Stathacopoulos,  A.D.;  et  al.  Combat  Illumination  Model  (COIL).  User’s  Manual.  Final  rept. 
General  Research  Corp.,  Santa  Barbara,  CA.:  Sep  75.  164p. 

ABSTRACT:  Under  ARP  A  Order  No.  2727,  General  Research  Corporation  has  developed  a  computer  model  to 
represent  the  illumination  in  a  modern  battlefield  during  extensive  ground  operations.  Called  the  Combat 
Illumination  model  (COIL),  it  is  described  in  the  contract  final  report  in  terms  of  its  overall  structure  and 
input/output  capabilities.  Some  representative  sample  results  in  the  visible  and  IR  parts  of  the  spectrum  are  also 
presented  there.  This  document  is  the  useNs  manual  for  COIL.  It  supplements  the  description  provided  in  the  final 
report  and  provides  detailed  instructions  for  its  use. 
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Steinberg,  Bernard  D  and  Donald  Carlson..  Research  in  Ground-to-Air  Microwave  Imaging. 
Philadelphia,  PA:  Moore  School  of  Electrical  Engineering,  Mar  95.  29p.. 

Abstract:  Many  potential  applications  exist  for  high  resolution  radar  such  as  direction  finding,  high  accuracy 
tracing,  target  counting,  and  high  resolution  radar  imaging.  All  of  these  applications  require  the  use  of  large, 
thinned,  random  or  periodic  antenna  arrays.  Many  uncertainties  exist  in  such  large  antenna  systems.  For  example, 
exact  element  positions  are  generally  not  known  because  of  surveying  problems  or  flexing  of  the  large  antenna 
structure.  Adaptive  beanforming  (ABF)  is  the  solution  to  the  unusual  design  that  achieves  these  objectives.  It 
deduces  the  errors  in  the  locations  of  the  receivers  that  are  distributed  around  the  airport  or  on  the  air  frame  and 
automatically  compensates  for  them  in  the  image  processing.  This  year's  work  concentrated  on  three  tasks.  The  first 
was  to  develop  a  generalized  ABF  theory  for  the  class  of  spatial  correlation  algorithms.  The  second  was  to  extend 
the  resolution  of  a  microwave  leading  radar  to  15  cm,  and  the  third  was  to  study  enhanced  target  detection 
sensitivity  and  target  recognition. 

ACCESSION  NUMBER  ADA292907  ALSO  AVAILABLE  ON  THE  INTERNET 

Sullivan,  J.D.,  and  C.N.  Kingery.  JUGFAE  (Jug-Contained  Fuel-Air  Explosive)  Concept. 
Final  rept.  Army  Ballistic  Research  Lab.,  Aberdeen  Proving  Ground,  MD.:  Apr  88.  5  Ip. 

ABSTRACT:  Uncontested  minefields,  ones  without  covering  enemy  fire,  are  cleared  cautiously  but  still  cause 
casualties.  The  Jug-Contained  Fuel- Air-Explosive  (JUGFAE)  concept  does  not  send  men  into  the  minefield,  but  lets 
them  proceed  methodically  from  the  minefield  boundary.  Safety  and  thoroughness  are  inherent  in  the  setup  process. 
The  concept  prescribes  crane  emplaced  rows  of plastic  jugs  containing  detonable  fuel.  When  fueled jugs  are  in 
place,  a  single  large  fuel-air  explosion  is  triggered.  The  explosion  will  neutralize  susceptible  land  mines.  The  'don't 
cross'  repeats  line  is  moved  across  the  neutralized  area  and  the  setup  operation  is  repeated.  The  cycle  repeats  until 
the  mined  area  is  cleared.  The  errors  in  placing  jugs  and  overlapping  fuel-air  clouds  can  be  reduced  so  that  a  long 
line  of  clouds  explodes.  Based  on  55  liters  of fuel  per  jug,  the  needs  are  92  jugs  per  km  of front  and  a  cost  of  about 
$I  per  square  meter.  In  very  large  minefields,  jub  numbers  and  costs  are  daunting.  Increased  cloud  radius  (6.2m 
presently)  significantly  reduces  the  needs. 
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System/Design  Trade  Study  Report  for  the  Navigation  of  the  Airborne,  Ground  Vehicular 
and  Man-Portable  Platforms  and  Support  of  the  Buried  Ordnance  Detection, 

Identification,  and  Remediation  Technology.  Indian  Head,  MD:  PRC,  Inc.,  Mar  95.  79p. 

Abstract:  This  document  contains  a  System  Design  Trade  Study  on  the  optimum  navigation  systems  for  airborne, 
ground-vehicle  and  man-portable  Unexploded  Ordnance  detection  platforms.  This  study  will  be  used  by 
Unexploded  Ordnance  Advanced  Technology  Demonstration  decision-makers  to  make  informed  technical  and 
programmatic  decisions  concerning  the  use  of  new  navigation  and  location  technologies  in  the  detection, 
identification  and  remediation  of  Unexploded  Ordnance. 
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Turbiville,  G.H.  Soviet  Troop  Reductions  in  Europe:  The  Changing  Face  of  Engineer  Force 
Structure  and  Operations.  Final  rept.  Army  Combined  Arms  Center,  Fort  Leavenworth,  KS. 
Soviet  Army  Studies  Office.:  Apr  89.  8p.  [Pub.  in  The  Military  Engineer,  pi 0-1 4  Mar- Apr  89.] 

ABSTRACT:  Communist  Party  General  Secretary  Mikhail  S.  Gorbachev's  December  7.  1988  announcement  of 
unilateral  Soviet  troop  reductions  gave  Western  defense  specialists  new  factors  to  consider  in  the  NATO/Warsaw 
Pact  balance.  It  also  highlighted  what  military  planners  had  long  known:  that  the  implications  of  any  troop  cuts 
depend  as  much  on  the  status  of  specialized  units  and  combat  support  formations  as  they  do  on  tanks,  artillery, 
aircraft,  and  other  traditional  combat  power  measures.  Central  to  Gorbachev's  announcement  was  to  promise  to 
reduce  certain  types  of  landing  and  engineer  assault  units,  together  with  ground  maneuver  units  and  weapons 
systems.  These  reductions,  and  a  concurrent  restructuring  of  other  Soviet  forces  in  Eastern  Europe,  will  result  in 
what  Gorbachev  asserted  will  be  a  defensive  posture.  While  the  stated  Soviet  cuts  and  changes  have  many 
dimensions,  the  important  implications  for  Soviet  engineer  force  structure  and  operations  are  particularly 
intriguing  and  little  studied.  These  implications  must  be  considered  in  the  context  of  Soviet  perceptions  and  military 
developments,  and  in  the  recognition  that  there  are  many  uncertainties  in  what  is  to  come. 
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U.S.  General  Accounting  Office.  Mission  Area  Analyses  Conducted  by  the  Army  Training 
and  Doctrine  Command.  General  Accounting  Office,  Washington,  DC.  Mission  Analysis  and 
Systems  and  Acquisition  Div.:  7  Apr  83.  4p. 

ABSTRACT:  TRADOC's  mission  area  analysis  program  was  established  in  response  to  Army  Regulation  1000-1 
which  requires  that  mission  needs  be  based  on  an  analysis  of  Army  missions.  For  purposes  of  the  TRADOC  mission 
area  analysis  program,  the  Army's  combat  tasks  were  divided  into  the  following  12  mission  areas:  Close  Combat 
(Light);  Close  Combat  (Heavy);  Fire  Support;  Air  Defense;  Combat  Service  Support;  Aviation;  Nuclear  Defense, 
Bacteriological  or  Chemical  Environment,  and  offensive  Chemical  Warfare;  Battlefield  Nuclear  Warfare; 
Engineering  and  Mine  Warfare;  Intelligence  and  Electronic  Warfare;  Communications;  and  Command  and 
Control. 

REPORT  NUMBER:  GAO/MASAD-83-20 
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_ ,  Unexploded  Ordnance:  A  Coordinated  Approach  to  Detection  and  Clearance  is 

Needed.  General  Accounting  Office,  Washington,  DC.  National  Security  and  International 
Affairs  Div.:  Sep  95.  30p. 

ABSTRACT:  Over  the  past  2  years,  several  accounts  of  the  casualties  caused  by  antipersonnel  landmines  have 
brought  to  light  the  threat  such  munitions  pose  years  after  hostilities  cease.  The  deaths  and  injuries  attributed  to 
these  mines  each  year  have  been  estimated  to  total  about  30,000.  Many  of  the  victims  are  civilians,  including 
children.  While  the  contamination  of  land  caused  by  landmines  and  other  forms  of  unexploded  ordnance  (UXO) 
may  appear  to  be  primarily  a  Third  World  issue,  closer  examination  suggests  that  the  problem  is  shared  by 
developed  nations  as  well.  As  you  requested,  we  assessed  the  extent  to  which  ongoing  or  foreseeable  technology 
efforts  offer  solutions  to  worldwide  landmine  and  other  UXO  problems. 

REPORT  NUMBER:  GAO/NSIAD-95-197 
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Von  Tresckow,  Arnold.  Land  Mines  (Landminen).  Trans,  of  Soldat  und  Technik  (West 
Germany)  no.  8  1975.  Washington,  D.C.:  Naval  Intelligence  Support  Center,  Translation  Div, 
Feb  1978.  43p. 

ABSTRACT:  Long  before  World  War  I,  the  term  'Mine  Warfare'  was  well  known.  The  term  was  used  to  denote 
tunnels,  advanced  towards  enemy  positions  and  usually  filled  with  large  amounts  of  explosives  which,  when 
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initiated,  were  to  bury  enemy  positions  or  destroy  them,  in  order  to  make  possible  the  breakthrough  of  friendly 
forces.  Also  covered  by  this  term  was  combat  against  ships  with  naval  mines.  While  this  article  is  entitled 
'landmines',  its  discussion  is  limited  to  antitank  mines  and  mines  used  against  other  ground  vehicles,  as  well  as 
mines  used  against  live  targets  on  the  ground.  Both  types  of  mines  had  their  origin  as  a  result  of  the  conditions 
prevailing  during  World  War  L  (Author) 
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Walczak,  J.,  and  K.J.  Bathe.  Nonlinear  Analysis  of  a  TM-46  Soviet  Land  Mine.  Final  rept  25 
Mar  86-Mar  88.  Adina  Engineering,  Inc.,  Watertown,  MA.:  29  Mar  88.  55p. 

ABSTRACT:  A  static  and  dynamic  analysis  of  a  TM-46  land  mine  is  presented.  The  objective  of  this  study  was  to 
establish  a  finite  element  analysis  of  the  mine  including  an  accurate  modeling  of  the  contact  conditions.  The  report 
presents  the  finite  element  modeling  and  solution  results  for  the  static  buckling  response  and  the  dynamic  response 
under  blast  pressure  loading. 
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Wissler,  J.E.  Anti-Mechanized  Defense:  A  Computerized  Simulation  for  Squad  Leader 
Training.  Master’s  thesis.  Air  Force  Inst,  of  Tech.,  Wright-Patterson  AFB,  OH.  School  of 
Systems  and  Logistics.:  Sep  83.  359p. 

ABSTRACT:  Marine  Corps  doctrine  requires  deployment  of  one  combat  engineer  platoon  with  each  BLT  Engineer 
squad  leaders  provide  anti-mechanized  defense  expertise  to  Battalion  Landing  Team  rifle  company  commanders. 
This  expertise  includes  the  effective  use  of  barriers  and  obstacles  in  conjunction  with  organic  direct  fire  antimech 
weapons  and  combined  arms  support.  Current  squad  leader  training  in  these  areas  is  limited  due  to  budget, 
equipment,  and  training  area  constraints  during  both  shipboard  and  ashore  periods.  Gaming  has  proven  a 
satisfactory  approach  in  supplying  this  training.  This  research  developed  a  two-player,  Pascal-based,  computerized 
simulation  incorporating  USMC  and  Soviet  direct  and  indirect  fire  weapons,  standard  barriers  and  obstacles,  and 
appropriate  Soviet  tactics.  Development  of  the  game  included  initial  verification  and  validation  testing  through 
comparison  of  game  responses  to  MCCRES  standards  and  interpretation  of  actual  Marine  enlisted  play  testing.  The 
completed  prototype  war  game  was  shown  to  provide  realistic  and  enjoyable  training  on  the  squad  leader  level. 

ACCESSION  NUMBER:  ADA134962 

Wuest,  C.R.  Energetic  charged  particle  beams  for  disablement  of  mines.  Lawrence 
Livermore  National  Lab.,  CA.:  27  Mar  95.  1  Ip.  Autonomous  vehicles  in  mine  countermeasures 
symposium,  Monterey,  CA  (United  States),  5  May  1995.] 

ABSTRACT:  LLNL  has  an  ongoing  program  of  weapons  disablement  using  energetic  charged  particle  beams;  this 
program  combines  theoretical  and  experimental  expertise  in  accelerators,  high-energy  and  nuclear  physics,  plasma 
physics  and  hydrodynamics  to  simulate/measure  effects  of  electron  and  proton  beams  on  weapons.  This  paper 
reviews  work  by  LLNL,  LANL  and  NSWC  on  detonating  sensitive  and  insensitive  high  explosives  and  land  mines 
using  high-current  electron  beams.  Computer  simulations  are  given.  20—160  MeV electron  beams  incident  on 
wet/dry  soils  are  being  studied,  along  with  electron  beam  propagation  in  air.  Compact  high  current,  high  energy 
accelerators  are  being  developed for  mine  clearing.  Countermine  missions  of  interest  are  discussed.  25  refs.,  9  figs. 
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INTERNET  SITES 


Ban  Land  Mines  Project 

Physicians  for  Global  Survival,  Canada. 

URL:  http://www.  web. ape. org/~pgs/pages/ldmnO. html 

for  their  Landmine  Links  and  WWWs 

URL :  http://www.  web.  ape.  org/~pgs/pages/ldwwlst.  html 

Berserkistan  Travel  Advisories 

URL:  http://www. Under,  eom/berserk/mines. html 

Landmine  Awareness  and  Survival  Techniques  -  adapted  from  the  manuals  of  the 
Mine  Clearance  Training  Unit  (UNTAC)  UN  Forces,  Cambodia.  Includes 
descriptions  as  well  as  links  to  other  sites 

The  Brutal  Reality  of  Land  Mines...  A  Mechanical  Means  of  Land  Mine  Detection. 

URL:  http://faramir.meee.  ualberta. ea/landmine.  html 

Canada  and  the  Global  Land  Mine  Crisis 

URL:  http://www. dfait-maeei.ge.  ea/english/foreignp/disarm/mines. htm 
Canada's  approach  to  the  land  mine  crisis. 

Canadian  Disarmament  Digest 

URL :  http://www.  dfait-maeei.  ge.  ca/english/fore  ignp/disarm/eddhome  1 .  htm 
The  CANADIAN  DISARMAMENT  DIGEST  provides  a  summary  of  developments 
concerning  non-proliferation,  arms  control  and  disarmament  issues  from  a  Canadian 
perspective.  It  is  produced  by  the  Non-proliferation,  Arms  Control  and  Disarmament 
Division  of  the  Canadian  Department  of  Foreign  Affairs  and  International  Trade. 

CIDC:  Land  Mines 

URL :  http './/eagle,  ueeb.  ns.  ea/demine/index.  html 
Canadian  International  Demining  Centre  homepage. 
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Demining  Research  at  University  of  Western  Australia 

URL :  http: //meek  uwa.  edu. au/jpt/de mining. html 

A  copy  of  their  working  paper  on  Robotic  Landmine  Clearance  as  well  as  links  to 
other  landmine  sites  is  available. 

DeTeC  HOMEPAGE  -  The  Demining  Technology  Center  at  the  EPFL 

(Ecole  Poly  technique  Federale  de  Lausanne  —  Swiss  Federal  Institute  of 
Technology) 

URL:  http://diwww. epfl.  ch/lami/detec/ 

Provides  a  lot  of  good  links 

Hidden  Killers  1994:  The  Global  Landmine  Crisis  (U.S.  State  Dept) 

URL:  gopher  ://dosf an.  lib.  uic.  edu:  70/0F- 

1  %3A  7332%3A1994%20Land%oMines%20Report 

or  go  to  the  Department  of  State’s  GOPHER  and  to  do  a  search 

URL:  gopher ://dosfan. lib. uic. edu:  70/7A:Gopher:2: 7 

Human  Rights  and  Landmines 

URL:  http://www.maui. com/~lesslie/landmines.html 

Humanitarian  Demining 

Sponsored  by  the  U.S.  Army  communications  Electronics  Command,  Night  Vision 
and  Electronic  Sensors  Directorate,  Countermine  Division 

URL:  http://www. demining,  brtre. com/ 

This  site  provides  some  great  links  including  to  a  world  map  showing  mine 
infestation  areas,  other  links  and  most  usefully,  a  mine  identification  guide  database 
which  identifies  mines  based  on  their  characteristics.  Pictures  are  included. 

International  Federation  of  Medical  Students'  Association  Standing  Committee  on 
Refugees  and  Peace  (IFMSA-SCORP) 

URL:  http://crick.fmed.  uniba.sk/ifmsa/scorp/org.htm\ 

This  site  entitled  "Organizations  Working  to  Ban  Landmines"  provides  names  and 
addresses  of  over  427  organziations  and  33  countries  working  to  ban  landmines. 
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ICRC:  International  Red  Committee  of  the  Red  Cross 


URL:  http://www.  icrc. ch/icrcnews/2276. html 

This  location  contains  basic  facts  and  information  about  landmines,  a  bibilography, 
press  releases  and  news  items  on  antipersonnel  weapons. 

JAYCOR:  Standoff  Mine  Detection  Radar  System 

URL:  http.V/www.jaycor.  com/Mine/Mine. html 

Describes  the  JAYCOR  standoff  mine  detection  system  It  can  detect  and  identify 
both  surface  and  buried  mines. 

Land  Mine  Warfare:  Detection  and  Clearance 

The  DTIC  Review,  vol  2,  no.  1  (entire  issue)  and  includes  a  list  of  electronic 
references. 

URL:  http://www. dtic.mil/dtic/review/review2. html#papers 

Land  Mines 

URL:  http://www.  cfcsc.  dnd. ca/links/peace/mines. html 

Links  under  Peace  and  disarmament,  from  the  Information  Resource  Centre, 

Canadian  Forces  College,  Department  of  Defence  (Canada) 

Landmines  Special  Report  Top  Page 

URL:  http://www.  oneworld. org/landmines/index. html 

ONEWORLD  ONLINE  and  its  partners  gives  the  facts  about  landmines,  examine  the 
arguments  for  banning  them,  report  on  the  UN  review  conferences 

Links  to  Conventional  Arms  Trade  and  Other  Relevant  Sites 
Center  for  Defense  Information 

URL:  http://www.  cdi. org/atdb/atdblink.  html 

Arms  Transfer  Working  Group  (ATWG),  from  the  Arms  Trade  Database.  This  site 
includes  links  to  many  other  land  mine  sites. 

Links  to  Landmine  sites,  Warchild  Landmine  Project 

URL :  http://www.  warchild.  org/news/links.  html 
This  provides  a  number  of  good  links 
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Mennonite  Central  Committee  Peace  Program 

URL;  http://www. mennonitecc.  ca/mcc/programs/peace/land-mines. html 
News  and  links 

MineFacts 

URL:  http://204. 7.227.67/infonet/minecd.html 

An  interactive  database  program  developed  by  the  U.S.  Department  of  Defense.  It 
contains  information  and  graphics  on  over  675  landmines  from  around  the  world. 

MINERALS:  Anti-personnel  Mine  Clearance  Robots 

URL:  http://fourmilab.  ch/documents/minerats 
Common  anti-personnel  mines  (with  pictures) 

URL:  http://fourmilab.  ch/documents/minerats/figures/mines.  html 

Minrapport 

URL :  http://www.  rb.  se/kampanj/mine  1 .  html 
Sweden's  Landmine  Defence  (full  text  document) 

MINWARA  -  The  Mine  Warfare  Association 

URL :  http://www.  minwara.  org/ 

North  Atlantic  Assembly  (of  the  North  Atlantic  Treaty  Organization) 

URL:  http://superior. carleton.  ca/~dcohn/NAA/ 

Index  of  documents  including  Landmines. 

Norwegian  People's  Aid  -  The  Menace  of  Mines 

URL:  http://www.fna. no/nofo/info/mine. html 

Norwegian  People's  Aid  -  International  de-mining  activities.  The  Menace  of  Mines. 
Obstacle  and  Challenge  in  Development.  Map  of  solidarity  and  mine-clearing 
activity. 
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Pacific  Talk  Virtual  Library  Index 

URL:  http://www.pactok.  net. au: 80/docs/ 

Provides  documents  on/by  the  Cooperation  Committee  for  Cambodia  (CCC),  the 
Documentation  Center  for  Cambodia  (DCCAM),  and  LANDMINES,  under  the 
Convention  on  Conventional  Weapons  (CCW) 

Stiftung  Menschen  gegen  Minen 

The  Humanitarian  Foundation  of  People  against  Landmines  homepage  (in  English). 

URL:  http://www.  dsk. de/mgm/indexe. htm 
Includes  100  best  links  to  humanitarian  demining. 

UNICEF 

URL:  http://www. unicef.org/sowc96pk/mines.htm 

The  United  Nations  Demining  Database 

URL:  http://www.  un. org/Depts/Landmine/ 

Includes  demining  programme  reports,  country  and  area  reports  and  casulaties  and 
incidents  as  well  as  links  to  other  Landmine  sites. 

United  Nations  International  Meeting  on  Mine  Clearance 

URL:  http.V/www.fourmilab. ch/documents/minerats/GenevaUNReport.  html 
Report  on  the  United  Nations  International  Meeting  on  Mine  Clearance.  Geneva,  July 
5-7,  1995. 


U.S.  Announces  Anti-Personnel  Land  Mine  Policy 

THE  WHITE  HOUSE  Office  of  the  Press  Secretary:  For  Immediate  Release  May 
16,  1996. 

URL:  http://docs.whitehouse.gOv/white-house-publications/1996/05/1996-05-16-fact- 
sheet-on-us-anti-personnel-landmine-policy.text 

U.S.  Army’s  Mines,  Countermine  and  Demolitions’  Web  site 

URL:  http://www.pica. army. mil/or gs/pm-mcd/ 
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Vietnam  Veterans  of  America  Foundation 


URL:  http://www. vvaf.org/landmine/weblinks5. htm 
Established  by  a  dedicated  group  of  Vietnam  Veterans  in  1980,  VVAF  has 
transformed  the  experience  of  war  suffered  by  America’s  Vietnam  veterans  into  a 
program  of  service  to  others  who  have  suffered  the  scourge  of  national  and 
international  conflict.  Links  to  International  and  U.S.  Campaigns  to  Ban  Landmines. 

World  Health  Organization  Land  Mine  Report 

URL:  http://www.  web.  ape. org/~pgs/pages/ldmnwho.  html 

Direct  and  Indirect  Consequences  of  Landmines  on  Public  Health  by  Faiz  Kakar, 

Ph.D,  Consultant,  Division  of  Emergency  and  Humanitarian  Action,  WHO,  July 

1995. 

GOOD  SITES  FOR  SEARCHING 

(should  be  used  along  with  the  standard  web  searchers) 

CALL  -  Center  for  Army  Lessons  Learned  database 
URL:  http://call.army. mil:! 1 00/cgi-bin/webinator 

This  searches  the  following  sites:  CALL,  Warfighter  XXI,  JVCAAT,  FMSO,  Military 
Review,  Soldiers  Magazine  Online,  Ft  Leonard  Wood,  Armor  Magazine  and  Ft  Knox 
web  sites. 

DTIC's  STINET 

URL:  http://www.dtic. mil/stinet/public-stinet/all/ 

DTIC’s  Scientific  and  Technical  Reports  Collection.  This  allows  you  to  search 
simultaneously  the  following  sites:  DoD  Index  of  Specifications  and  Standards;  DOE 
OPENNET  Database;  DOE  Reports  Biliographic  Database;  DTIC  U2  Technical 
Report  Database;  DoD  Directives;  DoD  Instructions;  NASA  Technical  Reports 
Database;  NASA  Open  Literature  Database;  NASA  NACA  Technical  Reports 
Database  and  NASA  Goddard  Technical  Reports  Database. 

GovBot  Database  of  Government  Web  sites 

URL:  http://pardoo.  cs.  umass.  edu/GovBot/ 

GovBot  has  gathered  over  125,000  web  pages  form  U.S.  Government  and  Military 
sites  around  the  country. 
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Bibliography  on  Mine  Warfare 
by  Richard  Hansen,  NMA  Historian 
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Netscape  '  (Humanilaiian  Demining  Website) 


Elk  Edit  ^iew  £o  Qookmarks  Options  Qirectory  Window  Help 


I  Peopte  II  SoftwM^ _ 


j£/j2l) 


Numaniiaflaii 

Bemlnlng 


U.  S.  Army  Communications  &  Electronics  Conmiand 
Night  Vision  A  Electronic  Sensors  PiiKctorate 

Rrnait  Agpnrv  Annnimr pmpnt 


Weicoino  to  the  Humanilahdn  Demnrg  Webtite 


Available  On-line 
http://www.demining.brtrc.com 
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Browse  other  Mine  Related  information  Information  of  mine  effects  and  emergency 

sources  on  the  internet  medical  treatment 


For  More  Information 
Please  Contact 

The  Humanitarian  Demining  Technologies 
Development  Program  Office 

Mr.  Ricardo  Gonzalez 
703-704-2493 
rgonzale@nvl.army.mil 

Mr.  Ivan  Martinez 
703-704-2501 
imartin@nvl.amny.mil 

Fax  703-704-3001 
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